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A NEW DETERMINATION OF THE CONSTANT 
OF GRAVITATION 
By Paul R. Heyl and Peter Chrzanowski 


ABSTRACT 


A new determination of the constant of gravitation by means of the torsion 
‘balance has been made in the hope of improving the precision of the result pub- 
lished in 1980. A number of suggested improvements in the apparatus were 
tried, and two of these were adopted The result obtained shows so slight an 
‘improvement over the 1930 result that it appears that the limiting point of 
diminishing returns has been reached with this form of apparatus. 
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I. INTRODUCTION 


In 1930 ! the senior author of the present paper published a redeter- 
} mination of the constant of gravitation, the results of which, though 
of a precision higher than that of the previously accepted value, 
showed a curious relation among themselves for which no explanation 
was available. The work was done with the torsion balance, using 
small moving masses of gold, platinum, and glass. The results with 
each material were reasonably concordant among themselves, but 
there appeared to be considerable difference with the nature of the 
material. For instance, the mean values of the platinum and glass 
sets differed by an amount five times as great as the average departure 
| from the mean in either set. Moreover, there was no overlap in the 
spreads of the two sets. While it seemed reasonable to attribute this 
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to experimental error of some nature, it was possible to interpret ji 
as a departure from Newton’s law of the constant proportionality oj 
mass and weight. To test this point experiments were made with 9 
Edtvés balance, using one ball of platinum and one of glass. The 
results were negative. 

As stated in the 1930 paper, it was felt that the solution of this 
difficulty could best be attained by working with an apparatus sufli- 
ciently sensitive to give the next decimal place. The attempt to do 
this forms the subject matter of the present paper. 

The general question of improvements in the torsion balance was 
considered, and a few suggestions that seemed promising were tried 
experimentally. Most of these, however, were failures, only two of 
them qualifying for adoption. For the benefit of future workers it 
has been thought well to discuss these failures in some detail. 


II. SUGGESTED IMPROVEMENTS IN THE TORSION 
BALANCE 


In the way in which the torsion balance was used, in the 1930 
paper and in the present work, the time of swing was measured in two 
positions of the large attracting masses, called “near” and “far” 
(fig. 1). As compared with the free time of swing, with the large 
masses removed to a distance, the period in the near position will be 
shortened, and in the far position lengthened. The difference of these 
two times is a multiplying factor in the formula for the gravitational 
constant, and anything which will increase this difference without 
introducing other difficulties will be a move in the right direction. 
There are two Ways in Which this difference May be increased, by 
reducing the torsion of the suspending filament, and by increasing the 
moment of the force exerted by the large attracting masses upon the 
moving system. The latter may again be done in two ways, by 
increasing the force of attraction or by increasing the lever arm by 
which this force acts. We shall now consider a number of suggestions 
that come under these headings. 
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FiGurRE 1.—Relative position of balls and cylinders. 
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1. BEST FILAMENT MATERIAL 


Since the modulus of torsion of a wire is proportional to the fourth 
power of its diameter, it is desirable to use a wire of as small a dia- 
meter as will safely carry the load of the beam and balls. This 
requires a material of high tensile strength. In this respect tungsten 
has no supe rior. Its tensile strength in the form of lamp filament 
0.001 inch in diameter is, when hard drawn, from 300 to 400 ke/mm?, 
and when annealed about 200. Larger sizes of tungsten filament show 
a somewhat smaller tensile strength, as this property increases with 
swaging and drawing. In comparison, the maximum value for 
chrome-vanadium steel is 232, and for fused silica, 120. In addition, 
Stungsten can readily be obtained in finer wires than steel, and, as was 
Sfound in the 1980 work, is the equal of fused silica in returning to the 
izcro point after a large deflection. 


WORM Piso! 


2. LENGTH OF FILAMENT 


The longer the filament the less the torsion for the same twist; 
}but in practice there is a limit to the length that can safely be used. 
'The filament is contained in a long tube rising from the lid of the 
Fapparatus case, and a slight warping at the bottom of the tube may be 
rinultiplied at the top to an amount sufficient to disturb seriously the 
centering adjustment of the beam. In practice, we have found that 1 
meter is a safe limit to the length of the filament. 


3. INCREASE IN MASS OF ATTRACTING BODIES 


An increased mass of either the large or the small bodies will 
faugment the force of attraction between them and heighten the 
isensitivity of the apparatus. With the small masses a limit of size is 
soon reached, as a filament of large diameter is required to carry the 
increased load, and by the fourth-power law the torsion will rapidly 
outrun the attraction. 

There is no theoretical objection to increasing the large masses if 
material of sufficient homogeneity can be obtained in large pieces. 
Uniformity of density is important, as otherwise the position of the 
center of attraction would be uncertain. 


4. MULTIPLE FILAMENT 


It is theoretically possible to turn the fourth-power law of torsion to 
advantage. Suppose that a given load can be carried safely by a 
filament of diameter D and torsion r. Replace this filament by two 

# aments of diameter D/2 and torsion 7/4. The joint tensile strength 
of the double filament will be the same as that of the larger single 
vi lament, but the joint torsion will be half the previous value; and for 
smore than two filaments the torsion will be rapidly reduced. 
| With a multiple filament of this character the question of friction 
tbetween the components must be considered. We thought it worth- 
i while to test this e xperimentally, but an unforeseen practical difficulty 
i prevented our getting any evidence on this point. This was the 
i ) difficulty of obtaining an equal division of the load among the compo- 
Pent filaments. Se veral attempts were made, but in every case the 
multiple filament broke down after a few days in operation. 








Journal of Research of the National Bureau of Standards 


5. BIFILAR SUSPENSION 


Theoretically there should be no difficulty in obtaining an equal 
division of load in the case of a bifilar suspension, and with a small 
separation between the two components the question of friction will 
not arise. However, in such a suspension the restoring force consists 
of both gravity and torsion, the gravity component varying as the 
square of the distance separating the component filaments, and this 
distance must therefore be kept small to avoid undue loss of sensi- 
tivity. But even if this distance be only a few tenths of a millimeter, 
the restoring force of gravity will be greater than that of torsion. 
This, however, appeared to be not without advantage. Experience 
with a single filament suspension indicated that the modulus of torsion, 
like most mechanical properties, varied slightly from time to time, 
probably from fatigue. Gravity, however, is constant under all 
known conditions, and in a suspension in which gravity is predominant 
in the restoring force, it seemed that greater uniformity in the observa- 
tions might outweigh the disadvantage of a reduced time of swing. 

A suspension was constructed with a separation of 0.5 mm between 
the filaments, maintained by the use of wire hooks at each end. At 
the top, each end of the filament was given a complete turn around the 
hook, and the loose ends were wrapped several times around the 
shank of the hook and fastened with hard wax. The hook at the 
lower end was passed through the loop of filament without wax or 
solder. Our experience with breakdowns in multiple filaments had 
impressed upon us the necessity of having the tension equal in both 
components, and this is difficult to obtain or to maintain when solder 
is used. It was thought that in a short time under load the tungsten 
wire would cut into the hook sufficiently to prevent slipping. 

Measurements of time of swing with this suspension over a period 
of a month were disappointing. Fluctuations from day to day were 
observed, amounting to as much as 1 part in 3,000, probably due to 
slight shifts in the position of the filament on the lower hook. The 
time of swing varies inversely as the distance between the filaments, 
and when this distance is 0.5 mm a change in the time of 1 part in 
3,000 would be produced by an alteration in the distance of 0.00017 
mm. If the separation were increased, this fluctuation would be 
reduced, but at the expense of a corresponding reduction in time of 
swing and diminished sensitivity of the apparatus. 


6. LENGTH OF BEAM 


The beam used in the 1930 apparatus was about 20 cm long. 
Considerable time was spent in the recent work in the attempt to use 
a beam 80 cm long. The difficulty with a beam of this length is its 
tendency to bend slightly with the weight of the balls during a long 
series of measurements, and thus alter the distance between the centers 
of the balls. Beams of different materials and different shapes 0! 
cross section were tried without overcoming this difficulty. The 
addition of braces to the beam to prevent this bending greatly in- 
creases the labor of computing the attraction of the large masses for 
the beam. This attraction, though only about 1 percent of the 
attraction for the balls, takes much longer to calculate. 

Theoretically, it is possible to eliminate the attraction for the beam. 
Let the time of swing be measured with heavy balls on the beam. 














ual 
nal] 
will 
ists 
the 
bhis 
nsi- 
ter, 
ion. 
nce 
on, 
me, 

all 
ant 
va- 
een 

At 
the 
the 
the 

or 
iad 
oth 
der 
ten 


iod 
ere 
. to 
‘he 


its, 
in 
017 
be 


of 





Constant of Gravitation 5 


Replace these balls by lighter ones, and repeat the measurement of 
%he time of swing. From two such measurements in both near and 
Har positions it is possible to eliminate the attraction for the beam, 
Nother things remaining equal. But here comes in the difficulty. 
‘Other things (torsion, for instance) will not remain equal. 

» In order to change the balls it is necessary to relieve the filament 
Btemporarily of its load. The effect of this upon the torsion was 
‘experimentally investigated. 

A series of 10 measurements of time of swing with a beam carrying 
}latinum balls weighing 175 g each gave a mean value of 1892.62 
+().21 sec. ‘The case was then opened and the beam let down on two 
supporting blocks. No change was made in the balls or in their 
Mposition on the beam. The next day the beam was again raised and 
“the case closed. The time of swing was then found to be 1886.69 sec. 
HAnd since a change of balls could not be made without temporarily 
Nrelieving the tension, the elimination of the attraction for the beam 
Swas found to be impracticable. 






7. INCREASING THE NUMBER OF MASSES 


Paha SL ecech 


* By the use of a beam with four arms, carrying four balls, and pro- 
‘viding four large masses, the total attraction can be doubled without 
Tincreasing the load on any one arm of the beam. This arrangement, 
showever, would be practicable only with rather long beams, which, 
‘as shown in the preceding section, are not practicable. A pair of 
large masses, when in the near position with respect to one pair of 
iballs, will be in the far position with respect to the other pair, and 
‘these two effects will partly neutralize each other. This neutraliza- 
‘tion will be the more nearly complete as the arms of the beam are 
Sshortened. Carried to the limit, with arms so short that the large 
imasses are close enough to touch each other, these masses would ap- 
/proximate a continuous ring, which would have no resultant attraction 
on the beam. 
8. DISK BEAM 


The idea of replacing the rod-shaped beam by a circular disk, 
carrying the balls at its circumference, is attractive from the point of 
view of the computer, since the torque of the large masses for such a 
disk is zero. The objection is the increase in weight. Such a disk, 
even though made of aluminum, would weigh more than the balls it 
carried, with the consequence of increased filament diameter and 
lessened sensitivity. Moreover, the moment of inertia of the disk 
} would be great enough to be an important factor in the time of swing, 
and the differential effect of the large masses on the balls in the near 
and far positions would be correspondingly reduced. 
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III. ADOPTED IMPROVEMENTS 


With the failure of the suggested improvements discussed in 
section II, it would appear that in dimensions, masses, and general 
arrangement the apparatus described in the 1930 paper is perhaps the 
best that is practicable. There were, however, two improvements 
which were found to be worthy of adoption. One of these was 
photographic recording, which will be described in detail in a later 
section. The other was a change in the position of the large attracting 
masses. 
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In the 1930 apparatus the large masses were steel cylinders weighi: t| 
about 66 ke each, arranged with their axes vertical. This positi i.) 
gave rise to two difficulties. In measuring the distance between t] as) 
cylinders it was necessary to grope for the minimum distance. | ; 
required so many measurements that the whole operation normally 


required about 2% days. 

In addition, the time of swing in the near position varied consider. 
ably with the amplitude, making necessary an extrapolation for t] 
limiting value of the time as the amp litude appro: ached ze ro. In t] 
far position the time- amp itude curve was nearly a straight horizont: 
line. The reason for this is obvious. With vertical cylinders in t] 
near position, the balls swing in a gravitational field of varying i 
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FIGURE 2.—Rayon plumb bob. 


tensity, whereas in the far position the field is much more nearl 
uniform. 
* By laying the cylinders on their sides with their axes horizontal bot! 
these difficulties were avoided. In measuring the distance between th 
cylinders, delicate plumb bobs were hung touching the inner surface 7p 
of each cylinder. This gave at once the minimum distance, which @ 
was measured by micrometer microscopes as described in the 1930 a 
paper. These plumb bobs consisted of single filaments of rayon Wj 
which were attached by a small fragment of adhesive tape to the @ 
upper surface of the cylinder near the ends, and hung down over the @/ 
inner surfaces (fig. 2). The bob at the end of a filament was a small @b 
vane of sheet aluminum weighing about half a gram. To avoid @b 
disturbance from air currents this vane hung in a small empty beaker Jr 
with a slotted cardboard cover. By this device the measurement % 
of the distance between the cylinders could be made in about 3 hours. @c 
After the measurements were made the beakers were removed, but @V 
the plumb bobs were left in place for use again after the time of swing 
had been measured. No correction was made for the attraction of 
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She vanes on the moving system, as the effect of two vanes was of the 
Sorder of one hundred thousandth of the attraction of the cylinder, 
nd our results did not reach that degree of precision. 

§ With the axes of the cylinders horizontal the time of swing in the 
near position became nearly independent of the amplitude, thus re- 
Snovine the uncertainty of the extrapolation. Near the middle of a 
Beylinder the equipotential surfaces are very nearly parallel to the 
§evlinder, and if the amplitude of the swing of the ball is not more than 
i 

i 


BR 


few degrees, the motion takes place in a practically uniform gravi- 
onal field. 

While this position of the cylinders simplifies the physical measure- 

Snents, it greatly increases the labor of calculating the attraction of the 
feylinders on the pendulum. However, one must always use the 
isimplest physical procedure, involving the least probability of experi- 
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FiGgurE 3.—-Geometrical constants in attraction formula. 
i eee ‘ : 
mental error, without shrinking from the mathematical labor which it 
IV. MATHEMATICAL THEORY 


eriving the formulas for the torsion pendulum as used in the 
ppresent work, it will be convenient to consider first the action between 


B: single cylinder and one ball of the pendulum (fig. 3). We shall 
Sassume for the present that the center of the ball is at the same level 


as the axis of the cylinder. 

The beam of the pendulum is supported by a filament at F. From 
| Fis drawn the line FE perpendicular to the axis of the cylinder. The 
|bcam makes a position angle ¢ with FE, the positive direction of ¢ 
P being counterclockwise. B is the ball under consideration and R its 
: radius of eyration. 

» from B draw a line of length C perpendicular to the axis of the 
cylinder and dividing it into two parts, /, and /,. In the present 
work, /; will be considered positive and /, negative, although in the 
1930 paper both were regarded as positive. The distances from the 
ball B to the ends of the axis of the cylinder are 7; and r:, respectively. 
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It must be carefully noted that ¢ is merely an angle defining the | 
position of the ball under consideration with respect to the cylinder |} 
which is attracting it, and does not necessarily measure the angle of | 
displacement from the position of equilibrium, where the torque due! 
to the suspending filament is zero. This angle of displacement will j 
be denoted by @. Its positive direction is the same as that of ¢. 

Figure. 4 shows the relation between ¢ and 6 in the four cases that | 
occur in practice. The relation may be summarized as follows: 


Near position, close ball__._.....-..----.---- ¢=6 

Near position, distant ball____.-_------------ ¢=180°+86 
Far position, right ball.__._..__-..----------- o=90°+86 
Far position, left ball_-_-_ _- eee eer Te .--=- @==270°+90 


In all cases it is to be noted that d6=dé and d?¢=<d’6. 
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FiGuRE 4.—Position and deflection angles. 


The differential equation for the motion of the pendulum may be 
conveniently derived as an energy equation. Considering the com- 
plete system, beam, balls, and cylinders, for any position angle ¢: 
Kinetic energy of the pendulum + potential energy due to filament (1) 

-+-potential energy of attraction=constant. 
Let J=moment of inertia of the pendulum 
7=modulus of torsion of the filament (moment required to give 
the beam an angular displacement of 1 radian) 
Then: 


/ 2 
Kinetic energy of pendulum= (3) 


; 1 
Potential energy due to filament= 5 76’, 


and it remains to find an expression for the potential energy of attrac- 
tion as a function of 6. 
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To find the potential energy of attraction we must take the sum of 
the attractions of the cylinders for the whole moving system, beam 
and balls. The attraction for the balls is comparatively simple, as 
we may suppose the mass of either ball concentrated at its center. 
For the beam the calculation is more laborious, as it is necessary to 
imagine the beam divided into a number of elementary segments so 
small that it is permissible to assume the attractive force concentrated 
at the center of a segment. We shall consider first the attraction of 
one cylinder on the pendulum. 

a V> be the potential of the cylinder at the center of any element 

the pendulum (ball or beam segment) when the beam is in an 

a uilibrium position (near or far) where 6=0, and let V¢ be the poten- 

tial when the beam is displaced from equilibrium ee an angle 6 
Then, by Taylor’s theorem: 

V.—-V gt Vo e d’V, ‘ 
Vo Pg +5 ae” 2) 
neglecting terms in & and higher powers. This is a valid procedure, 

wa because the pendulum actually swings through a small angle, 

but because its time of swing is reduced empirically to its value 

7, for an infinitesimal are before being used in the calculations. 
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FiaurE 5.—Curve of potential. 





If m=mass of an element of the pendulum,—m(Ve—V,) will be 
the potential energy of attraction of the cylinder for this element. 
faking into account both cylinders and all elements of the pendulum: 


, , LV, PV, 
Potential energy of attraction= —2(m 0 - + +5 oe . (3) 


In the ideal case of perfect centering of bs pendulum, and sym- 
metry and parallelism of the cylinders, the terms in dV,/d@ disappear 
in both near and far positions. In the near position, Vo is a maximum 
for the position angle ¢=0, and dV,/d¢=0; and for the position 
angle ¢=180°, Vo will be a minimum and dV,/d¢ will again be zero. 
And since, as we have seen (fig. 4), d¢=dé, all terms in dV,/d@ are 
individually zero in the near position. 

In the far position (ideal case), for the equilibrium angles ¢=90° 
and o=270°, dV,/d@ will not be zero, but will have equal and opposite 
values in these two positions (fig. 5). In consequence, the terms in 
dV/d@ will mutually cancel out in the summation. 
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In the ideal case, therefore, we have in both near and far positions: 


' ry, —_ 
Potential energy of attract ion -)" 3 & aa) ee KG, (4) 


where G is the constant of gravitation and K is a calculable function 
of the masses and dimensions in the apparatus. 
Equation 1 now becomes, in the ideal case: 


i a Po - 
(ai) +578 — KG constant. (5) 


Differentiating and reducing: 


do 1—-KG 


; g=0 
deat | : 
whose solution is: 
: l-—KG 
@=A sin( t (6) 
I 
with a periodic time: 
/ 7 
T=27.| (7) 
we Oe “KG () 


Formula 7 applied to the near and far positions gives two equations 
for the unknown quantities 7 and G. Assuming 7 to remain constant 
in the two positions, and eliminating it, we obtain the following 


formula for G: 
ery ee a | al 
(KG) r— (KG) y =49( pap . (8) 


So much for the ideal case; but any practical setup must be expected 
to fall short of perfection, and we must expect that the potential energy 
of attraction, as given by eq 3, will contain a term in 6. We must 
therefore rewrite eq 4 as follows: 


. ; __ 
Potential energy of attraction=—5KG@-+ Q98, (9) 
in which Q, like K, is a calculable function of the masses and dimen- 


sions in the apparatus. Equation 1 now becomes, in the practical 


case: 


— 


I/de\ “hee | 
A ae +5 (t—KG)€ + @@=constant. (10) 


Differentiating and reducing: 


d’0 1—KG, | Q _ 


ee sit 


whose solution is: 


ar | anf «/ FE f Q (12) 


——*{— 
7—KG 
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which has the same pe riodic time as in the ideal case (formula 6). It 
appears, then, that even in cases where a term in @ is present, we May 
llow the same procedure for the calculation of G as when it is absent. 


{ol 


8 





6 =F (t) 





FiGuRE 6.—Ideal and practical time-of-swing curves. 


hie relation between the ideal and the practical solutions is shown 
in figure 6. The ideal solution (6) is a sine curve which is symmetrical 
with respect to the axis of t; the practical solution (12) is a similar sine 
curve at a constant distance below the other. The curve has the 
same periodic time, but while the “‘half-periods”’ in the practical case 
are alternately long and short, in the ideal case they are equal. 

In the present work the 6 term is insignificant compi ared with the 
@ term. A calculation made for one of the near positions showed that 
the ratio of the coefficients of the two terms was about 1 to 40,000. 

In order to apply formula 8 to the calculation of G, it is necessary 


to compute the value of 
PV, ) 
EK@= (mae) 


for both the near and the far positions. The 1930 paper gives a 
formula for V at any point exterior to a cylinder (eq 9, p. 1264-66), 
and by differentiation with respect to ¢, we can obtain from this the 


value of 
PV/ &@V 
dg*\ ~ we) 
at any desired point. 
Using the notation given in figure 3 for the fundamental quantities, 


we obtain the following relations: 


C,=Q+R(1—cos ¢) 


dC, Rsi 
7? (13) 
ae =f cos 


At the four equilibrium values of ¢ these derivatives of C have the 
following values: 


dC, @0, 


ode gt 
0° 0 R 
90° R 0 
180° i : (14) 


270° —R 0 
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We have also the following values of J; and /,, and their derivatives 
as functions of @, in which A, and A, denote errors In centering: 


l | L oe 
i, rr ad R sin cad) l. (5 t Ao-t FR sin ¢) 
dl dl, 
7 = = - R COS @ (15 
do dd 
dl, dl, , 
j=—=R sin rH) 
do d¢* 





At the equilibrium values of @ these derivatives of ¢ have the fol- 


lowing values: 


dl dl 

= do dq” 

0) R (0) 

Q() 1) R 
LSO R Q (16 

270° 0 - 4 


And since, for both subscripts, 7?=C,?+, we obtain 
dr Cs, dC oy l dl 
dp r do‘ rdo 
ac, ‘d€ a) Cs dr dC, " 
+ r de? + ( do) rdo do ae 


ar 


d¢* i dl l dr dl 

; dg? T (35) - “tt do do 

At the equilibrium values of ¢ these derivatives of r have the following 
values: 





A dr dr 
$ do d¢? 
. i, , 
0 —R E oe 3 
{ 
Uq eS 
G0 h , “ae “3 +h - i 
| (18 
180 R RL 4. hi — R? P 
ig | r r r 
270° - Re | fe Us ot zz 
| T r 7 r 





The foregoing formulas will enable us to obtain d?V/d¢? from the 
formula for V in the 1930 paper. In performing this differentiation 
it is to be remembered that a change in the sign of has been made 


| 
Z 
® 
y 
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for the present work. We thus obtain the following formula (19) for 
dV /d¢*. For convenience in printing, only the first term is given in 
full. In this it will be seen that to each term in /; and 72 there corre- 
sponds a similar term in /,; and 7;, but with opposite sign. The same 
holds true in all terms after the first, and in these terms, for brevity, 
the terms in J; and 7, are omitted. 

It will be convenient to classify all terms after the first according 
to the different derivatives which they contain. These are five in 
number: 

dl dr (dr? (dy pt dl 

de” de®’ Ages er dade 
And finally, all terms, including the first, are to be multiplied by 
2rpa°C’, where p is the density of the cylinder. (This factor is incor- 
rectly given with a negative sign in the 1930 paper.) 


d?V 


= 5 (19) 
2rpa°G dq” 
FIRST TERM 
dC. | (1,52 pari dl,, d. ‘) dr, l, dr, l, 
, --, - Poa tr a — 
dol. ON “ae ‘do “do ‘do dq’ 203° dg” 204° 
d*l, 7 seb 9 
; -t —-@ 
dd’ d( ' dd’ yA | 
ad? 
TERMS IN ) 
dq’ 
Term 
a ie | ) 
ai l6 de ry’, 


- a’ dil, 15l,7 3 
7 128 dg 4 To! ee, 


5a® d’l, 105154 701? _ >) 


> 


67108864 d¢ 


‘ 2048 der! fs" fs 

7a d’l.f , 30031, 3465l,' , 9451.2 35 
v. aos > Jug ae 3 + aes =) 

02108 dd i) i) ro iD) 
6 21a” rx 218791," _, 360361," 18018ls" 27720; 63 
: 262144 do a hl "aa i 7 re ) 
2 33a" di, 43233231," 6928351," _ 5105101," 
- 2097152 d¢* ( i” rs" Sal 
1501501,' 1501517 231 ) 
ra! a rr 

429a"* dl, / 24144251.” , 63740821," 62355151,8 

8. - -~—+ — a 


raz ! re Pp 
27713401,° 5469751.‘ 386101, 429% 
2 21 ii 19 i Poll mai r i) 


le r 
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715a'' d Le ( ‘i 149422 6751 Miad 1563263251, _ 9577321751. 


2147483648 dd@’* Is I ro*” 1 ro! 
33463930515 , 10184674515 145495351! | 7657651? 6435\ 
+ ; :' 21 4 19 iz | 
Ts ip. rs re Is 
2431la® dl 11019807152," , 40072026001," 
0), ——— ; ( — + : 
17179869184 d¢’ To Pe 
58815393001," | 44618574001,"  18591072501,8 
i : a 29 = 27 
2 rs ip) 
1164400241. 452652201,' | 18475601, 12155 
19° To P-" nm 
NUMERICAL FACTORS 
‘A (). 0625 
9 0. 1171875 0. 0234375 
:. 0. 2563477 0. 17OS984 0. 0122070 
5. 0. 6415100 0. 7402039 0. 2018738 0. OO74768 
6. 1. 752697 2. 886795 1. 443398 0. 2220612 0. OO50468 
7. 5. OS7690 10. 90219 8. 033195 2, 362704 0). 2362704 
0. 0036349 
8. 15. 43445 101). 74694 39. 86114 17. 71606 3. 496591 
0. 2468182 0. 0027424 
9. 48. 41816 151. 9329 185. 6957 111.4174 33. 90965 
18. 44236 25. 49598 0. 214251 
10. 155. 9334 567. 0305 832. 2544 631. 3654 263. 0689 
o8. 92744 64 05156 2. 614350 0. 0171997 
d*) 
bari TERMS IN 573 
| erm ag 
ct | ) 
) + ; ° 
ge 16 d¢d*\ ° r24 
” a‘ aty 3513 , Lo 


128 d¢’ ls ry 


i) 


5a' 7 ’ 23 <a aden 4 351: ) 


2048 d¢’ ‘* r: 


7a® oat 64351," , 90091,° 34651,° , sa 
32768 d¢’*\ le r,'? r,*° 


21a" ory 461891, 875161,’ | 540541, _ 
262144 dg" 7.” ee a 


To" Yo r 


120121, ' 6931, 
14 is roi? ) 


r 


~ 


- 33a” ary 676039)" | 1616615/,2 13856701,’ 
2097152 dd*\ tr" ” ad 


51051015 7507513 , 30030, 
+ r§8 ~ pnlé rot ) 
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129q"4 x , 50145751," 144865501," | 159352051.9 
T 5 -— y T 


67 LOSS64 dd Ts" : is i ee 


} <a 
T ) Is 


83140201,’ _ 207850515. 2187901,° ct 
re" re 19 he 


715a" as 3005401951," | 10179587251," 13689789751," 


2147483648 d¢° To ' 39 - 


9295536251," 3346393051,7 | 611080471.5 484984515 | 1093951, 


I 
T's" To fom Ts roe 
2451a” as , 22687838251," 88158457201,! 
17179869184 d¢’ 7° i 
14025209100/,! 11763078600/." , 55773217501." 
a a py ‘oe 


! 


14872858000" | 2082200121 129329201, | 
We W 7 ro" ' ro" 


26 24 


NUMERICAL FACTORS 


0.1875 
0.2734375 0.11 71875 
0.5639648 0.5126953 0.0854492 
1.374664 1.924530 0.74020389 0.0672913 
3.700138 7.010788 1.330193 0.9622650 0.0555153 
7. 10.68790 25.43845 21.80439 8.033195 1.181352 
0.0472541 
32 05616 92 60669 101.8674 53.14819 13.28705 

1.398637 0.0411364 

9. 100.0642 338.9271 155.7986 309.4929 111.4174 
20.34579 1.614745 0.0364228 

). 321.0593 1247.467 1984.607 1664.509 789.2068 
210.4551 29 46372 1.830045 0.0326794 


Term nerms 1x( 4") 
hy 3 12/, 
- ra pa ( ro° ): 


at (dr\/_, 2801; 90, 
aa do) | T oP - a) 


5a® (= )( 27721, , 21001, =) 
2048\ do] \ rs Tp r” 


, 7a (dre\? 1029601,’ 12612615 , 4158022 31501, 
a7aal (4 S a "4 _ ) 
768\ db I's Is Ts 


163607—42 9 


rt 


Dua 
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21a" =) 9237801," | 15752881,’ 8648641," 
2621 “a do - 7,7! r,!9 rit 
_ 1681681,° —8316l,\ 
= i . 15 css 9 
2 l2 
- 33a? (dro\*/ , 162249361," 3556553012 _ 277134001,7 
‘. ‘ 7459 )(+ , 25 a % + , 21 : 
2097152\ do] \ To 1s 1s 
91891801,° , 1201200/,5 420421, 
ie ai r!9 ri _ pis 
. 429a'4 =} 140408100," | 3766503001," 3824449201, 
r 67108864\ do ( fe" ad Std 
1829084401,7__41570100/,° | 39382201, 102960/,\ 
: r 23 a r 21 i r 19 bias r 17 } 
9 715a"® a) (4 _ 96172862401," 305387617501," 
2147483648\ do/ \ ro r,*! 
383314113001," 241683942501," , 803134332017 
+ : » 29 aa » ae 5 a » 25 
T2 U i) 
13443770341,.° , 969969001,> 19691101, 
— ro a Pout iin r,19 } 
10 2431a"® Fa] TOTO pe 4 SOOT TAS OL” 
17} sar ee ( 5 72° 
4488066912001," | 3528923580001," 1561650090001," 
a 733 oe an Todt => ro2 5 
386694308001," _ 4997280288," 42845242401! A628000 | 
ro! r 2 5 r” r" 
NUMERICAL FACTORS 
4 0.75 
3. 2.1875 0. 703125 
4, 6. 767578 5. 126953 0. 6835938 
D. 21. 99463 26. 94342 8. 882446 0. 6729126 
6. 74.00276 126. 1942 69. 28308 13. 47171 0. 6661835 
7; 255.3095 559.6459 436.0877 144. 5975 18. 90163 
0. 6615572 
8. 897.5726 2407. 774 2444. 817 1169. 260 265. 7409 
25. 17546 0. 6581819 
9. 3202.054 10167. 81 12762. 36 8046. 814 2674. 018 
447. 6074 32. 29491 0. 6556109 
10. 11557.42 42413.88 63507. 41 49935.27  22097.79 
5471. 834 707. 1293 40. 26098 0. 6535874 
‘dl \? 
Term TERMs IN( =- 
5S dé 
a 0 
301, 


3. 





( dl, 
1: ma ae 


+e 


4 


) 
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5a® (52) = 8 +1") 
4. 2048 \d¢, (-* Pr 

7a8 (3) 1s018i _138601,' , 18901, 
r+ 29 768 (73 (4! r at 7" 


2ie” dy (_v2sgel 100.0 720721,5 a) 


O. eu dd ‘?" r* r,'° r'8 
. 33a” (dl, y 32332301, 55426801," 
ai 2097152 5 (3 ( r” r2 
30630601,° _6006001,° _ 30030, 
r 19 pal rtd ) 


429a"4 (52) (— eee 637408201," __ 498841201," 





°- 67108864 \d¢ roe ry ri 
166280401,° _21879001,* | 77220I, 
——— ryt ee Te 19 : > 17 ‘) 
‘ 715a° vs) (+ a __ 547 59159000." 
"2147483648 \d@ (+ ra” 
5773217501," 26771144401," 61108047015 
rm T> a7 c p25 i ; 73 
581981401? | 15315301, 
eer To"! sini a a * ois 
10 2431a% oy _ Vrosio9144ob 561008364001," 
' 17179869184 r,* 
__ 7057847 16001," , 4: 16185740004) , —— 
ae rt “—_—— rs 29° ‘ 
24986401441,° __.181060880h" | $369! DI: shy 
ry” rr, 
NUMERICAL FACTORS 
3. 0. 
3. 0.234375 
4. 1.025391 0.3417969 
5, 3.849060 2.960815 0.4037476 
6. 14.02158 17.32077 5.773590 0.4441223 
7. 50.87690 87.21754 48.19917 9.450817 0.4725409 
8. 185.2134 407.4694 318.8891 106.2964 13.98637 
0.4936364 
9. 677.8543 1823.194 1856.957 891.3394 203.4579 
19.37694 0.5099196 
0. 2494.934  7938.427 9987 .053 6313.654 2104.551 
353.5646 25.62063 0.5228699 
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‘drdl ) 


TERMS IN( 5 5 
a (dr. dl\/ 6 
a\ dade )( T" ) 


a* (dr, dl, 2101,? , 3 
ol dado)\ 7 +e) 
ja‘ (S252) _ 23101," te 


2048 Tr," ro 7,8 


do dd, 


Py (= i __ 900901," ; 90090/,4 207904" ft | 
32768 \ d¢dd ; iad r,'4 ‘" ead 
21a /drodb\ ( , 83140218 122522416  5405401,! i 
(Hide (rare neat a0nte 
262144\ dodo Pied a‘ ‘* 


720721? | 1386 


ez roi ic i rol ] iT 
; c a] 
33a"? & =) 14872858/," , 290990701, 193993801,° mn 
2097152 \ dodo ( i: i sia ra 
th 
51051001,4 4504501,” 1 in 
r,'* r,'° r,\* t! 
429a"4 dl, ( , 1303789501," 3187041001," 2868336901, ca 
67108864\ d@ d¢, i il 7 i Ss “a 
1163962801," _ 207850501, 13127401,? a) 
roe T 720 7! p,'6 
715a'® (S dl, ( 9016205850)" | 264669268501,'” 
2147483648\ do is) r,** , i 
301175374501," | 1673196525018 46849502701,° 
T° ii i , ie 
, 6110804701," 290990701,? _ 218790 
fo fo" r,'§ ) 
2431a"§ (dr, dl\/_, 771386500501," 2644753268501," Ww 
17179869184\ do dé r ti 4 “ 
3646554366001," 258787729200/," | 1003917915001,8 th 
+ roe ~ r,° “s a r°8 > m 
re) 
20822001200/,° _ 20822001201, 715975201,? , 461890 th 
P28 7% raz 7% : Foc 
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e 


NUMERICAL FACTORS 


aed 


is i Sia 
2 1. 640625 0. 2343875 
{ 5.639648 3.076172 0. 1708984 
5 19. 24530 19. 24530 4. 441223 0. 13845825 
6} 66. 60249 98. 15103 43. 30193 5. 773590 0. 1110306 
7 934. 0337 457. 8921 305. 2614 80. 33195 7. 088113 
0. 0945082 
Q 833.4602 2037. 347 1832. 334 744. 0746 132. 8705 
8. 391819 0. 0822727 
9 3001. 926 8812. 106 ap 5570. 871 1559. 844 
203. 457 9, 688472 0. 0728457 
10. 10915. 34 37424. 01 51509. 77. ’ i ee 14205. 72 
2946. 372 294. 637 LO: 138125 0. 0653587 


Equation 19 may appear formidable, but as with a similar formula 
in the 1930 paper (eq 11, p. 1266-67), it is comparatively simple in 
application. It contains the same system of vertical and diagonal 
moduli by which the literal parts of all terms after the second can be 
rapidly obtained, after which the terms are completed by applying 
the numerical factors. 

The preceding discussion has been based upon the assumption that 
the center of the attracted segment is on the same level as the axes 
of the cylinders. While in practice this is nearly true for the balls, it 
is not the case with the elements of the beam, and in calculating the 
attraction on the beam, formulas 13 to 18 require aslight modification. 





FiaguRE 7.—Geometrical constants for attraction on beam. 


In figure 7, Cy is the same as Cy in eq 19, the fundamental length 
which determines the potential of the cylinder at the center of the 
ittracted element; A is the elevation of the center of the element 
above the eylinder axis, ¢4 is the horizontal projection of Cy, and ¢o 
the horizontal projection of Cy. The slanting line Cy is not directly 
measured, but is calculated from ¢, and h. The plane of the angle 


| remains horizontal. The next step is to see what difference (if any) 


the introduction of h will make in C,, r, 1, and their derivatives which 


; occur in formula 19. 


We have the fundamental equations: 


ss 8 l¢ ' d*¢ 
¢,=¢)+R(1—cos ¢), whence re R sin @ and de? R cos " 
C?=¢+h? (20) 
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For the derivatives of Cz, we have 


dO; ¢s dts ¢s 





do C,d¢ =cF sin @ 
PC, ¢4 Ae , I ~ ($e) 
dg? Cs ie ta, C3/)\d¢. (21) 
_ fs he 8 otat 
=¢,* cos ¢ +o R? sin’¢, 


which assume still simpler values at the equilibrium angles. 

The formulas for J; and l, and their derivatives, given by eq 15 
and 16, are unaltered by the introduction of A. And this being the 
case, the formula for r? in eq 20 will give derivatives of the same form 
as those in eq 17, the only difference being that ¢, is written for Cj. 

In the case of the attraction between cylinders and balls in the 
present work, the value of h was always less than 1 mm, and the 
minimum value of ¢ about 13 cm. This rendered the A-correction 
unnecessary for the balls, though obviously necessary for the beam. 


V. DESCRIPTION OF APPARATUS 


For the purpose of this work a special building was erected in a 
wooded section of the Bureau grounds, at a sufficient distance from 
parking lots and moving traffic to avoid disturbances. This building 
was 30 feet long and 20 feet wide, and was divided into two rooms by a 
partition. The walls of the building were of sheet steel with heat 
insulation, and were unprovided with windows. The inner partition 
was also heat-insulated. The front room of the building was the 
observing room, and contained the photographic recording apparatus. 
The torsion balance was in the rear room. Both rooms were electri- 
cally heated, with thermostatic control. 

The torsion balance (fig. 8) was mounted on a massive concrete 
base in the center of the rearroom. The rest of the floor was of wood, 
except that four concrete slabs were provided for the purpose of setting 
up a kathetometer for measuring vertical distances. The concrete 
base carried a circular steel plate 65 cm in diameter and 5 cm thick, 
at the center of which was the pendulum case, supported by three 
leveling screws. Three additional leveling screws were provided, 
which carried no load, but served to produce a more uniform gravi- 
tational field about the pendulum. 

On the outer portion of the circular steel plate there was a circular 
steel ring 12 cm wide and 4 em thick, resting on a complete ring of 
steel balls running in grooves. This steel ring carried the large 
attracting cylinders, and by rotating the ring the cylinders could be 
brought into the near or the far position as desired. To facilitate this 
adjustment the outer rim of the circular steel plate was provided with 
graduations and the rim of the circular ring carried a reference mark. 

The cylinders were kept in place on the steel ring by four small 
aluminum wedges. As these wedges weighed about 0.21 g each, and 
the cylinders about 66,000 g, no correction for the attraction of the 
wedges was necessary. 

The pendulum case and its lid were made of soft iron, for magnetic 
shielding. Windows were provided for observing the elevation of the 
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balls. The joint between the case and lid was sealed with Peixene 
wax. A brass tube attached to the lid carried the suspending filament. 
This tube was provided near the lower end with an observing window 
and four smaller windows for centering the filament. At the upper 
end the tube contained the movable torsion head described in the 
1930 paper, by which the resting point of the filament could be 
adjusted from outside by means of a magnet without breaking the 
vacuulm. 

The beam of the pendulum with its attached balls can be seen in 
place in figure 8. The beam was an aluminum tube 20 cm long and 
).5 em in outside diameter. The beam was provided at its center 
with a vertical brass rod 5.5 em long. A phosphor-bronze truss wire 
was run through the tube and its ends soldered to the upper end of the 
vertical brass rod. <A piece of annealed tungsten filament, 0.0012 in. 
in diameter, was also run through the tube to provide a suspension for 
the balls, the centers of which were about 4 cm below the center of the 
beam. The balls were of platinum, provided with platinum hooks, 
and weighed about 87 g each. They were shaped to a spherical form 
by scraping through a steel die plate, as described in the 1930 paper. 
“The upper point of the beam truss was not joined directly to the 
suspending filament, but to a short piece of thin brass rod which 
carried a small optically flat silvered mirror at the level of the observ- 
ing window. The connections with the filament at each end were 
made by small clamps. 

The total mass of the beam was about 5.7 g. The vacuum masses 
per unit length of the different parts were as follows, in grams per 
centimeter: 


Aluminum tube.............. awena’ 0. 21254 
Dg crac ie asain ao Wika iwi . 00261 
Filament supporting balls________--.--- . 00015 


Two different tungsten filaments were used as a suspension for the 
pendulum. One of these was ordinary commercial lamp filament, 
hard-drawn, of diameter 0.0012 in. and tensile strength 288 g. This 
filament had been coiled in the drawing process, and consequently 
exhibited considerable drift when first set up. The measurements 
with this filament were not begun until 3 months after setting up, by 
which time the drift of the resting point had been reduced to 0.04 cm 
in 15 hours, the photographic plate being 490 ecm from the filament. 
The total joad on the filament was about 182 g. 

After the completion of the measurements with this filament, we 
obtained, through the cooperation of W. E. Forsythe, of the General 
Klectric Lamp Works at Cleveland, several pieces of specially annealed 
filament which had been kept straight in drawing and shipping. This 
filament, on account of being annealed, had a lower tensile strength 
than the hard-drawn filament, and a diameter of 0.0014 in. was neces- 
sary to give a tensile strength of 284 g. This filament, although care 
/ was taken not to bend it in the process of setting up, showed a slight 
‘drift, which after 2 months’ time was reduced to about half that of 
| the hard-drawn filament. 

The experience of Bearden? of Johns Hopkins University with 
straight-drawn and especially annealed tungsten filament, in his work 
on the viscosity of air, led us to expect more precise results from the 


? Phys. Rev. 56 [2] 1023 (Nov. 15, 1939). 
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annealed filament th in from the hard-drawn one. The reverse, ho 
ever, Was the case. The average rar parture from the mean in ( 
measurements with the hard-drawn filament was about half that 
obtained with the annealed filament, because of the fourth-power lay 
of torsion. The times of swing with the annealed filament of diamete 
0.0014 in. were about 1,880 and 1,640 see in the far and near positions 


respectively, with a difference of 240 see. With the hard-draw, 
filament, of diameter 0.0012 in., the times of swing were increased to 
2,920 and 2,200 sec, with a difference of 720 see. This threefold 


crease in sensitivity with the hard-drawn filament apparently oy 
balanced any slight advantage of stability on the part of the anneal 
filament. 

Of course, in geophysical surveying, where it is of importance 
occupy as many stations as possible in the course of a week, it is ou 


] 
| 
l 


of the question to allow a month or more for a filament to stabili 
itself; and in Bearden’s work it was not necessary to determine tl 
difference between two times of swing. 

The vacuum used in the pendulum case was always less than 0.5 n 
Experiments were made with a molecular pump giving a much low: 
pressure, but it was found that at pressures below 0.5 mm the dampi 
factor of the pendulum became constant, indicating that at such pres 
sures the air resistance was negligible compared to the internal frictior 
in the filament. 


VI. METHOD OF OBSERVING 
1. ADJUSTMENTS 
(a) ADJUSTMENT OF CYLINDERS 


The ideal adjustment of the cylinders requires that they be symm 
rical with respect to a certain circle, which, of course, includes th 
condition of mutual parallelism. The tolerance for this adjustme: 
is much greater than might be supposed. In all cases of asymmetry 
one half of a cylinder will be a little nearer a ball than it should be an 
the other half a little too far away, and these two inaccuracies wil 
partly cancel each other. For instance, calculation shows that, in th 
near position, a difference of 0.3 mm in the distance between thi 
cylinders at their ends (28 em apart) will affect only the seventh signifi- 
cant figure in the value of d’V/d¢’, and for the far position the eff 
will be still less. It is, in fact, quite practicable to adjust for paralle! 
ism by a few trials to an accuracy of 0.1 mm. 

The cylinders were so accurately shaped that their lengths differed 
by only 0.01 mm, and consequently it was easy to set them with thei 
end faces in the same plane with an accuracy of 0.1 mm by laying a 
straightedge across the faces. 

It was found also that the circular steel ring was sufficiently accurat 
to serve as the circle of reference for the cylinders and the pendulum 
Measurements of the inside and outside diameters of the ring showed 
that no error greater than 0.2 mm existed in these dimensions. By 
means of the graduated circle around the rim of the steel plate it was 
possible to complete the adjustment of the cylinders for symmetry 
with respect to the circle. 
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(b) ADJUSTMENT OF PENDULUM 


y the pendulum three adjustments are necessary—azimuth, 

linal, and transverse. These adjustments, as was found in the 
0 work, have a rather large tolerance, which in some cases, as in the 
uth setting in the near position, is increased by the changed posi- 
of the eylinders. Calculation gives the following errors in the 
lt introduced by neglecting the errors in the separate adjustments 

near position. In the far position there will be still less effeet in 


Transverse centering, error 0.5 mm | part in 27,000 
Longitudinal centering, error 0.5 mm | part in 26,000 
Azimuth centering, error 0.1 | part in 65,000 


Che original adjustments for centering could be made to 0.1 mm and 
The centering adjustments were checked at intervals during the 
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FIGURE 9.—Ceée nlering device. 


work, and such errors as arose in the course of the work were recorded 


nd allowed for in the computations. 
Nhe azimuth setting was made in the present work by direct observa- 


10} The lid of the pendulum case was lifted sufficiently to allow the 


beam to be held against two supports in such a position that the 


mal to the mirror passed approximately through the center of the 


ecording apparatus, as determined by visual observation. Then by 


ans of two plumb lines the azimuths of the centers of the ends of 


the beam were found to be 285.6° and 107.2°, with a difference of 


\ 


\178.4° instead of 180°. This showed that a transverse adjustment 


as necessary. Imagining such an adjustment to be made so that the 


azimuth at each end will be altered by 0.8°, the correct azimuth read- 


{ 


were found to be 286.4° and 106.4°. Then, by turning the steel 
carrying the cylinders until the centers of the cylinders were at 
hese azimuth readings, the evlinde rs could be set in the near position, 


ind by turning 90° farther, in the far position. 


The pendulum case was then closed and the filament centered 


lonvitudinally and transversely, making use of the four observation 
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windows in the tube carrying the filament (fig. 9). For this purpose 
two plumb bobs were hung close to the graduations on the circular 
steel plate, 180° apart. A projector lamp was placed in line with 
these plumb bobs at a distance of about 3 m from the filament, giving 
approximately a point source of light, and a white cardboard screen 
was placed on the opposite side of the pendulum case, on which three 
sharp shadows could be obtained, two of the wire plumb lines and one 
of the filtment. By moving the plumb lines around, always keeping 
them 180° apart, their shadows could be made to coincide, and then by 
tilting the pendulum case by means of its leveling screws the shadow 
of the filament could be brought into coincidence with the shadow of 
the plumb lines. By carrying out this process in two positions 90° 
apart, the filament could be centered with respect to the circular steel 
plate with an accuracy of 0.1 mm. 

This centering was made at first with the glass panes of the observ- 
ing windows removed. The glass panes were then replaced and the 
case wasexhausted. No apparent change was observed in the centering. 
From time to time as the observations were made the centering was 
checked, and slight variations were observed, the maximum being 0.9 
mm. No attempt was made to correct these changes, but they were 
recorded and allowed for in the computations. 


2. LENGTH MEASUREMENTS 


The lengths to be measured, horizontal and vertical, in the present 
work were essentially the same as those in the earlier work, and ex- 
cept for the device of the previously described rayon-filament plumb 
bobs in measuring the distance between the cylinders, were carried 
out with the same instruments and in the same manner as described 
in the 1930 paper. 


3. TIME MEASUREMENTS 


The choice of a photographic method for recording the transits of 
the pendulum was prompted by several considerations. Perhaps the 
most important of these was the desire to obtain an accurate record 
of transits at small amplitudes, as these have the greatest influence 
in the reduction of the time of swing to infinitesimal amplitude 
Moreover, by making the method completely automatic, the necessity 
for the continuous presence of the observer was eliminated. 


(a) STANDARD OF TIME 


The standard of time employed was the primary frequency standard | 


maintained by the radio laboratory of the National Bureau of Stand- 
ards. This standard originates in a 100-ke quartz oscillator, from 
which, by a submultiple generator, a 60-cycle current was obtained. 


This standard 60-cycle current was amplified sufficiently to operate 


the signaling mechanism of the photographic recording apparatus. 








The frequency of the primary oscillator was constant to better than 


1 part in 10 million. 


The signals used in the recording apparatus were flashes of light | 
ta) SD t=) j 


at 5-sec intervals. These were obtained by a revolving shutter in 
the form of a brass disk with radial slits cut in its periphery. This 


disk was rotated at a speed of one revolution a minute by means 0! | 7 
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a synchronous clock motor driven by the standard 60-cycle current. 
The disk carried 11 slits at intervals of 30°, the twelfth being omitted 
to mark the minutes. 

(b) OPTICAL SYSTEM 


Two slightly different optical systems were used. The first system, 
used with the hard-drawn filament, was an adaptation of a system 
previously used for visual observations. In this system the light 
from a 200-watt projector lamp was focused on a narrow slit close 
to the revolving disk. The light from the slit then entered the eye- 
piece of a telescope and was directed to the plane mirror carried by 
the torsion pendulum. After reflection at this mirror, the light was 
brought to a focus to form an image of the signaling slit on a photo- 
craphic plate. As the pendulum swung, an image was recorded on 
ithe plate every 5 sec. The distance from mirror to plate was 490 
cm, and a deflection of 1° at the mirror corresponded to a distance 
of 17 em at the plate. The sharpness of the lines obtained was such 
that three lines per millimeter could easily be resolved by a low-power 
microscope. 

Kor the measurements with the annealed filament the optical sys- 
tem was improved to give sharper images on the photographic plate 
fig. 10). Here the light flashes from the revolving disk were focused 
on a stationary slit by means of an achromatic lens. It was found 
that the presence of this second slit gave a much sharper image on 
the plate. After passing through a concave lens of 25 cm focal length, 
the light fell on a convex lens of 400-cm focal length mounted on the 
outside of the pendulum case just in front of the mirror carried by 
the pendulum. The light was reflected by the mirror back through 
the convex lens and was brought to a focus on the photographic plate. 


+ The sharpness of the lines obtained with this second system was such 


that five lines per millimeter could easily be resolved. 

Kxcept for the mirror on the pendulum and the convex lens on the 
outside of the pendulum case, the whole optical system, including the 
camera, Was mounted on a concrete pier in the observing room (fig. 
11). It was found that even though the apparatus and observing 
rooms were closed up and the temperature thermostatically con- 
trolled, there was sufficient turbulence caused by convection currents 
to be noticeable in the photographic record. For this reason a series 
of paper tubes was set up enclosing the light path in both directions. 
Undesirable reflections from the inner surfaces of these tubes, which 
would have fogged the plate, were prevented by a system of interior 
baffles. 

A reference mark was provided on the photographic plate as a basis 
for measurements of the positions of the recorded images. This mark 
was the shadow of a fine wire fastened to the front panel of the camera 
(fig. 12). The shadow was made by the light from a neon lamp behind 
a pinhole in the optical path about 200 cm in front of the camera. 
The plate being continuously illuminated by the faint red light was 
fogged just enough to show the shadow of the wire as a white line, with- 
out interfering perceptibly with the definition of the recorded images. 


(c) THE CAMERA 


The camera consisted of a metal box in which the plateholder 
could move only in a vertical direction (fig. 12). A spring on the 
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plateholder bearing against the side of the camera prevented any 
ewise motion of the plateholder. The beam of light reflected from 
moving mirror entered through a horizontal slot cut through the 
front panel of the camera. With the pendulum at rest, the image of 
he illuminated slit was centered vertically across this slot and the 
motion of the mirror made the beam traverse the length of the slot. 
Thus, only as much of the plate was exposed during a given transit 
ys was exposed by the slot during the transit. <A guillotine safety 
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FiGuRE 12.—Camera and tripping mechanism. 


shutter on the front panel could be dropped to cover the slot whenever 
it was desired to make the camera light-tight. 

Between transits, the vertical position of the plateholder was 
changed automatically by means of a tripping mechanism mounted on 
the back of the camera (fig. 12). Essentially, the mechanism con- 
sisted of a pawl-and-ratchet escapement. The pawl was actuated by 
an electromagnet. The ratchet was rigidly connected to a pinion 
which in turn was geared to a rack sliding in ways. The rack formed 
one prong of a fork whose other prong entered the camera through a 
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hole in its bottom. The plateholder rested on the end of the prong 
within the camera. Thus, when a pulse of current from a timing 
device actuated the electromagnet, the escapement permitted the 
plateholder to drop by gravity through a predetermined distance. 

The camera accommodated 4- by 5-in. photographic plates. The 
choice of this particular size was dictated by the availability of q 
traveling microscope whose screw was 10 cm in length. The plate 
emulsion was of the modern high-speed panchromatic variety. Over 
80 transits could be recorded on a single plate. 

The pulse of current through the electromagnet was obtained when 
a timing device (fig. 13) momentarily closed a switch as the pendulum 
reached the end of its swing. The timing device consisted of an end- 
less rubber belt running over two pulleys, one of which was driven by g 
synchronous motor suitably geared down, and the other idled in a se; 
of pivot bearings. A balance wheel from a watch, lightly pivoted to 
reduce friction, was fastened to one arm of a spring-leaf switch, 
This balance wheel, acting merely as a pressure wheel, was brought 
to bear against the rubber belt opposite the idler pulley. The switch, 
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Figure 13.—Timing device. 


in series with a battery and the electromagnet, was normally open, 
but when a rubber button which was cemented to the outer surface 
of the rubber belt came in contact with the pressure wheel, the switch 
contacts were momentarily closed and a pulse of current was sent 
through the electromagnet. 

The base on which the idler pulley and the switch were mounted 
moved in ways parallel to the belt. The length of the rubber belt, 
and therefore the interval between contacts, could be varied by means 
of an adjusting screw. 

A different driving pulley was used with each type of swing, since the 
difference in the half period in the “near’’ and “far’’ positions was 
more than could be taken care of by the adjusting screw. 

Using a pulley of the proper size, the length of the rubber belt was 
adjusted so that the interval between contacts was very nearly equal 
to the mean half period of the pendulum. The button on the rubber 
belt was brought into position to make contact, and the motor was 
started as the pendulum reached the end of its swing. Then through- 
out a series of 60 to 70 transits the time of contact and the time the 
pendulum reached the end of its swing remained very nearly syr- 
chronized. 
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Records were made at night, from five o’clock in the afternoon until 
eight o’clock the next morning. The pendulum was started swinging 
hy movable weights outside the case, as in the 1930 paper) and the 
plateholder adjusted in the camera. The guillotine safety shutter 
was dropped and the room darkened. The operator then pulled the 
slide of the plateholder, and going outside of the house and closing 
the door, pulled a wire which lifted the guillotine shutter, and the 
run was on. This process was reversed the next morning, the safety 
shutter being dropped before the door was opened. 

The precision obtainable by this method of photographic recording 
ean be seen from the following examples (table 1), taken from ob- 
servations in the near position with the annealed filament. Measure- 
ment of the photographic record by a traveling microscope gave the 
following figures, for two transits, one near the beginning and one 
near the end of a 14-hour run, the central reference line on the record 
heing taken as 50 mm. 


TABLE 1.—Time-scale relation 


























TRANSIT 5 TRANSIT 66 
j — — — — a 
ee Scale Seale | a Scale Scale 
| Pimé reading | difference | Time reading | difference 
—_e - poet 
| sec | mm mm sec } mm mm 
40) | 15.92 30 44. 33 
6. 33 0. 57 
35 | 22,25 | 35 44. 90 
6. 34 | 8 
30 28. 59 40 45. 48 
6. 33 8 
25 } 34. 92 } 45 46. 06 
| 6.38 || 55 
0) 41.30 50 46. 61 
6.36 | 56 
15 | 47. 66 } 0 47.17 
| 6. 38 57X2 
10 | 54.04 5 48. 31 
| 6. 38 56 
5 6 «| 60.42 | 10 48, 87 
| | 6.34X2 58 
) 73.10 | 15 49. 45 | 
} 6. 28 57 | 
50 79. 38 | 20 | 50. 02 | 
| | Ye) | 
2 | 0. 57 | 
30 1.14 | 


It will be seen that although the speeds in these transits differ by 
a factor of 11, the speed in each transit is practically uniform within 
the space covered by each record, and interpolation is safe. By 
interpolation we next obtain for each transit of the run a table with 
integral values of the scale readings and nonintegral values of the time, 
such as would be obtained by chronographic recording of visual obser- 
vations. 

It was found that with 60 or more transits in each record, consid- 
erable time could be saved by making a change in the procedure of 
the 1930 paper. The calculation was carried out in the usual way up 
to the point where the mean midpoint of the swing was determined 
as the average of five separate values. The next step, the sinusoidal 
corrections, took a great deal of time, and it was found that this could 
be avoided. 
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The alternative procedure adopted can be illustrated by an exam; 
Taking transit 5, we obtain by the aid of transits 4 and 6 the folloy 
1] 


“ . rl ] ae “a . 4 — 
midpoints on the scale in millimeters: 


Mean 17. 38 


From the time-scale relation for this transit (table 1), we find 


{ 


interpolation the following values of the time at the mean midpo 


28 min 15. 22 sec. 


Meal IS mi ». Zz SCC 
The corresponding value for transit 7 is found to be 55 min 32 
sec, and the difference of these times, 27 min 20.23 sec, gives us « 
4 ] : 1.’ d 
value for the damped period of the pendulum. From this poi 
procedure is the same as that in the 1930 paper. 


VII. RESULTS 


Che computations tor the present work are much too extensive 


be given here. The complete computations and original noteb 
are preserved in the Library at the National Bureau of Standar 
As an illustration of the general procedure, we may summarize 
; ] 


calculation of one result in ta 


{Hard-drawn filament] 
Far position, May 18, 1940. Periodic time= Ty = 2924.20 se Temp. 24.1° ¢ 
I oment of inerti 
Values of KG 
Balls and cylinders 349253.6 G 
Beam and cylinders 2951.5 G 
352 1 G=(KG 
Near positior 22-24, 194 22 2 n 24.1% ¢ 
[= 177 4 
Value {KG 
1«¢ ler 84323.1 G 
1d ide! 124.6 G 





940453 G=0. 0627647 


G=6. 6739X 10-5 
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ive values of G were obtained with each filament, hard-drawn and 
1] These values are given in table 


9 ee L oe . . 

l o, With thew average 
c ] 

res Irom the mean. 


TABLE 3.—Values of G 





Hard-drawn filamer Annealed filament 
A A 

6. 6739 0016 6. 6670 0.0015 

56 1 6 18 

69 14 7{ 18 

62 ” 77 99 

Al OS 5 } 
6. ( 0). ( 6. 6685 0 lf 


it will be seen that the precision of the results with the hard-drawn 
ment is twice that of the results with the annealed filament. 
Weighting the results in this proportion, we obtain for the weighted 
6.6732 +0.0031. 
In view of the fact that the average departure from the mean ap- 
n the third decimal place, the fourth decimal place may be 
ped, and we obtain for the final result: 
6.673 + 0.003 * 10-° cm’® g™ sec’. 
final result in the 1930 paper was: 


6.670 + 6.005 « 10-° cm’ g™' sec 


two results agree well with each other, but it is to be noted 

it the increase in precision in the present work is hardly appreci- 

[It will also be noted that the present results show the same 

‘uliarity of pattern as did those in the 1930 paper. The results 

the hard-drawn filament differ from those with the annealed 

lament by an amount greater than can be accounted for by the 
lepartures from the mean. 


lt is difficult to explain this anomaly. The only point of difference 
the two series of measurements was the difference in the filament, 
and while irregular variations in the torsion constant of the filament 
are to be expected, and would account for random variations in the 
individual results with any one filament, what is needed to account 
for the observed anomaly in the results with the two filaments is 
regular variation of such a nature as to be incredible. 

Comparing the 1930 results with those of the present work, the 
outstanding feature is that a carefully planned and executed attempt 
to increase the precision of the 1930 results has met with but shght 
success. The conclusion may be drawn that the limit of the possi- 
bilities of the torsion balance has been reached. 
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Wasntnetron, March 30, 1942. 
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INFLUENCE OF INITIAL STRUCTURE AND RATE OF 
HEATING ON THE AUSTENITIC GRAIN SIZE OF 0.5- 
PERCENT-CARBON STEELS AND IRON-CARBON ALLOY 


By Thomas G. Digges and Samuel J. Rosenberg 


ABSTRACT 


Tests were made to determine the influence of variations in initial structure 
and rate of heating through the transformation temperature range on the grain 

es at 1,475° and 1,600° F of a high-purity alloy of iron and carbon and two 
commercial steels each containing 0.5 percent of carbon. Variations in initial 
strueture had no effect on the grain size of the iron-carbon alloy. Although the 
initial structure had some influence on the grain size of the steels, no correlation 
was found between the grain size and the spacing of pearlite or the form and dis- 
tribution of the carbides. The rate of heating had a pronounced effect on the 
grain size of the iron-carbon alloy, and in some cases the rate of heating also in- 
fluenced the grain size of the steels. However, the trend in the steels was the 
reverse of that of the iron-carbon alloy in that the finest grains were obtained in 
the steels with slow rates of heating. 
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I. INTRODUCTION 


In a previous study' made with high-purity alloys of iron and 
carbon and plain carbon steels, it was shown that in certain cases the 
austenitic grain size was markedly affected by the rate of heating 
through the transformation temperature range. It was recognized at 
that time that variation in the initial structure was also a factor that 
should be considered in a study of austenitic grain size. The work 
reported herein is concerned with the influence of both the initial 
structure (i. e., the structure that existed just prior to heating to the 
temperature establishing the austenitic grain size) and the rate of 
heating upon the grain size of certain of the materials used in the 
previous investigation. 


Il. EXPERIMENTAL MATERIALS AND PROCEDURE 


The chemical compositions of the alloy and steels used in the present 
study are given in table 1. The iron-carbon alloy was prepared in 


' Samuel J. Rosenberg and Thomas G. Digges, Effect of rate of heating through the transformation range on 
austenitic grain size, J. Research NBS 25, 215 (1940) RP1322; Trans. Am. Soc. Met. 29, 638 (1941). 
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the laboratory * and contained less than 0.031 percent of identifiable 
impurities. The two steels were commercial heats differing principally 
in the amounts of aluminum oxide and aluminum. Heat designated 
(1, with the lower proportion of aluminum, was produced under con- 
— which resulted in noncontrol of austenitic grain size, whereas 
heat C-2 was produced under conditions intended to control the aus- 
tenitic grain size. Each heat was representative of good commercial 
practice. In this report, these two steels are occasionally indicated 
by the terms “noncontrolled grain size” applied to steel C-1 and 
“controlled grain size” applied to steel C. 

The iron-carbon alloy was treated for three different initial struc- 
tures, which consisted of (a) coarse pearlite, (b) fine pearlite (sorbite), 
and (¢) spheroidized cementite (fig. 1). All of these treatments were 
carried out in vacuum, and the pearlitic structures were not produced 
by isothermal reactions. 


TABLE 1.—-Chemical composition of iron-carbon alloy and steels used 
I ; ! 
Element (percentage by weight) 


| 


Identification | Acid 


, : e . i! s | solu- | Total } 
( Mn I 5 Si Ni | Co =a ble | Al | 1H, | Oa N: 
| Al | } 
| | | | 
Iron-carbon alloy 0. 50.0, 002) <0. 001; 0.004) 0.002!) 0.007) 0.007; SND) ND} ND/0.0002) 0.003 0. 001 
Noncontrolled tee] | 
(C-1) 40 79 023 023 22 . 001 . 002) . 0025) .0002) .004 004 
Controlled steel (C-2) 10; .80 .022; .028 21 .007| . 016) .0195} .0002) . 003) . 004 


! Values for gaseous elements obtained by the vacuum-fusion method 
? Total identifiable impurities, less than 0.031 percent, obtained by spectrochemical, chemical, and vac 
uum-fusion analyses. 
D means not detected 


Kach of the two commercial steels was treated to give initial struc- 
tures differing in the interlamellar spacing of pearlite or in the form 
and distribution of the carbides (figs. 2 and 3). These initial struc- 
tures were (a) coarse pearlite obtained by pack-annealing at 1,700° F; 
(b) medium pearlite obtained by air-cooling after hot-rolling; (c) 
fine pearlite (sorbite) formed by isothermal reaction at about 1,010° F; 

(d) bainite formed by isothe rmal reaction at 720° to 750° F; ‘and (e) 
be i ‘roidized cementite produced by prolonged heating of sorbitized 
steel in the temperature range of 1,200° to 1,300° F. 

An interesting feature of the spheroidized structure of the iron- 
carbon alloy was the tendency of the carbides to coalesce in the form 
of a network, as is shown in figure 1, C. 

The experimental procedure used was the same as that described 
in detail in the previous report (see footnote 1). Essentially, it 
consisted in heating small specimens, approximately 1/10 inch square 
by 0.04 inch thick, in a lead bath or in vacuum at various rates to 1,475° 
or 1,600° I. The specimens were held at these temperatures for 
15 minutes and then cooled in a manner suitable for delineating the 
austenite grains with proeutectoid ferrite. 

For the fastest rates of heating, the specimens were plunged into 
a i lead bath maintained at a temperature of either 1,475° or 1,600° F. 


4 Thomas G. Digges, Effect of carbon on critical cooling rate of high-purity iron-carbon alloys and plain carbon 
stecls, J. Research NBS 20, 571 (1988) RP1092 also, Effect of carbon on the hardenability of high-purity iron- 
carbon alloys, Trans. Am. Soc. Metals 26, 408 (1938) 
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For the specunens heated in vacuum, the rates of heating throueh the 
transformation range were taken as the average rates required to 
heat through the temperature range from 1,325° to 1,450° FF. Two 
or more specimens were frequently used for any selected condition 
of test. The average grain sizes obtained are shown by represent- 
ative micrographs at 100 diameters in figures 4 to 29, and the esti- 
mated American Society for Testing Materials grain numbers are 
summarized in table 2. This table is included as an aid in comparing 
the effect of the variables studied. The grain-size numbers enumer 
ated were obtained by estimation on larger micrographs than are 
shown in the figures. It is not always possible to show small differ- 
ences in grain size by numbers; comparison of micrographs conveys 
a more definite picture. This is particularly true where the grain 
sizes are small (compare, for instance, figs. 21, J), and 22, D, both of 
which were rated as grain No. 8). 
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Figure 1.—-Jnitial structures of the iron-carbon alloy. 


irse pearlite; B, fine pearlite; C, spheroidized cementite 


Etched with 1-percent nital, *500 
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igure 2.--Jnitial structures of noncontrolled steel C-1. 


4, coarse pearlite; B, medium pearlite; C, fine pearlite; D, bainite; /, spheroidized cementit Etel 
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FIGURE 3. Initial structures of controlled steel ¢ 4 


rse pearlite; #, medium pearlite; C, fine pearlite; ), bainite; /, spheroidized cementite. retehed witt 
I-percent nital, * 500 








rnal of Research of the National Bureau of $ Research Pa 
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Figure 6.—Austenitic grain size at 1,475° F of tron-carbon alloy 
structure of spheroidized cementite. 


. heated in lead bath; B, heated at 1,070° F/min; C, heated at 80° F/min; D, heated at 5 
with l-percent nital, «100 
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Austenitic grain size at 1,600° F of tron-carbon alloy with initial 
structure of coarse pear lite. 
n lead bath: B, heated at 1,070° F/min; C, heated at 130° F/min; D, heated at 5 mir Etched 
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Austenitic grain size at 1,600° F of iron-carbon alloy with initial 
structure of sphe roidized cementite, 


n lead bath; B, heated at 1,250° F/min; C, heated at 150° F/min; D, heated at 5° F/min. Etched 
with 1-percent nital, «100. 
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Figure 10. Austenitic grain size at 1. A75 F of noncontrolled steel C-1 with initia 
structure of coarse pearlite. 


1, heated in lead bath; B, heated at 1,070° F/min; C, heated at 120° F/min:; D, heated at 6° F/min 
with l-percent nital, x 100 
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nitic grain size at 1,475° F of noncontrolled steel C1 with initial 
structure of medium pe arlite. 


n lead bath; B, heated at 830° F/min; GC, heated at 180° F min: 2), heated at 4° Fo min Etehed 
with l-percent nital, * 100 
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14, heated in lead bath; B, heated at 570° F/min: C, heated at 110° F/min: D, heated at 6° F/min. 


Etched with I-percent nital, 100 
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Figure 14.— Austenitic grain size at 1,475° F of noncontrolled steel C—-1 with initial } 
structure of spheroidized cementite. 


A, heated in lead bath; B, heated at 940° F/min; C, heated at 80° F/min; D, heated at 5° F/min. f 
with 1-percent nital, «100 
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FIGURE 16.—Austenitic grain size at 1,600° F of noncontrolled steel C-1 with initia 
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structure of medium pearlite. 


heated in lead bath; B, heated at 1,070° F/min; C, heated at 110° F/min; D, heated at 4° F/min. 1 
with 1-perecent nital, 100 
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Austenitic grain size at 1,600 F of noncontrolled steel C-1 with initial 
structure of fine pearlite. 


lead bath; B, heated at 940° F/min; C, heated at 90° F/min; D, heated at 5° F min, Etched 
with l-percent nital, 100 
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FIGURE I8, Austenitic grain size at 1.600° F of noncontrolled steel C—-1 with init 


structure of bainite. 


1, heated in lead bath; B, heated at 830° F/min; C, heated at 280° F/min; D, heated at 9° F/min 
with I-percent nital, «100 
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FIGURE 20.—Austenitic grain size at 1,475° F of controlled steel C-2 with initi 
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FIGURE 2: Austenitic grain size at 1,475° F of controlled steel C—2 with initu 


structure of fine pearlite. 


{, heated in lead bath; B, heated at 750° F/min; C, heated at 130° F/min: D, heate 1 at 4° F) min 
with 1-percent nital, & 100 
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Austenitic grain size at 1,475° F of controlled steel C-2 with initia 
structure of bainite. 


{in lead bath; B, heated at 680° F/min; C, heated at 130° F/min; D, heated at 
with I-percent nital, 100 
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Austenitic grain size at 1,600° F of controlled steel C—2 with initial 


structure of coarse pearlite. 


ead bath; B, heated at 1,250° F/min; C, heated at 140° F/min; D, heated at 7° F/min Etched 
with l-percent nital, «100 
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FIGURE 26.— Austenitic grain size at 1,600° F of controlled steel C-2 with 
structure of medium pearlite. 


d bath: B, heated at 1,500° F/min: C, heated at 100° F/min; ), heated at 3° F/min 
with 1-percent nital, * 100 
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Austenitic grain size at 1,600° F of controlled steel C-2 with initial 
structure of fine pearlite. 


lead bath; B, heated at 940° F/min: ©, heated at 150° F/min; D), heated at F/min. Etehed 
with I-percent nital, * 100 





of Research of the Nationa! Bureau of Standards 


28. Austenitic grain size at 1,600 F of controlled steel C 
Structure of hainite. 


in lead bath; B, heated at 830° F min; C, heated at 120° F/min: D, heated 


with l-percent nital, X 100 


ut 7 


Resear: 


2 with 


F 


nit 





hb of the National Bureau of Standards Research Paper 148 


29.— Austenitic grain size at 1,600° F of controlled steel C-2 with initial 
structure of spheroidized cementite. 


lead bath; B, heated at 1,500° F/min; C, heated at 130° F/min; D, heated at 7° F 
with l-percent nital, * 100 
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III. RESULTS 


1. IRON-CARBON ALLOY 


The interlamellar spacing of the pearlite or the form and distribution 
of the carbides in the initial structures had no appreciable influence 
on the grain sizes established at 1,475° and 1,600° F in the high-purity 
allov of iron and carbon (figs. 4 to 9). 
~ With each initial structure investigated, relatively fine grains were 
obtained at 1,475° F’, provided the rate of heating was extremely fast. 
The grain size at this temperature, however, increased with decrease 
, the rate of heating until extremely coarse grains (ASTM grain 
\o, —2 to 1) were produced. The coarse-grained specimens often 
ontained areas of coalesced ferrite (fig. 5, D). 
At 1,600° F, the average size of the grains obtained also was a 
; minimum when the rate of heating was rapid (fig. 7, B; 8, A; and 9, B), 
although the fastest rate did not produce the smallest grains when 
the initial structure was either coarse pearlite or spheroidized cement- 
ite. The specimens heated in a lead bath (fastest rate) always showed 
mixed-size grains at 1,600° F, some of the grains being very coarse 
fies. 7, A; 8, A; and 9, A). With slow rates of heating, coarse grains 
of the same order of magnitude were obtained at all temperatures 
1.475° and 1,600° F) and with all initial structures (coarse pearlite, 
ine pearlite, and spheroidized cementite). 

It is apparent that the dominant factor in establishing the grain 
size in this iron-carbon alloy, either at 1,475° or 1,600° F, was the 
rate of heating and not the initial structure. The effect of the rate 
of heating was so pronounced that it also overshadowed the effect of 
the austenitizing temperature. Although it is generally understood 


that the higher the temperature, the coarser the austenitic grain size, 
t was possible to produce considerably coarser grains in this alloy 
at 1,475° F, merely by heating slowly, than at 1,600° F by heating 
rapidly. 


2. NONCONTROLLED STEEL 


The influence of initial structure and rate of heating on the grain 
sizes at 1,475° and 1,600° F of the noncontrolled steel (C-1) is shown 
‘in figures 10 to 19, inclusive. 

With the fastest rate of heating, slightly coarser grains were obtained 
at 1,475° F with initial structures of fine pearlite or bainite (figs. 12, 
| A; and 13, AA) than with coarse or medium pearlite or spheroidized 
rcementite (figs. 10, A; 11, A; and 14, A). The observed difference 
was not considered significant, however, because its order of magnitude 
was no greater than that obtained with duplicate specimens, as for 
/cxample, with an initial structure of bainite (fig. 13, A and AA). 
» With the slowest rates, however, finer grains were obtained at 1,475° 
with initial structures consisting of medium pearlite, fine pearlite, 
and bainite (figs. 11, D; 12, D; and 13, D), than were obtained with 
| coarse pearlite or spheroidized cementite (figs. 10, D; and 14, D). 
With intermediate rates, a grain-size contrast was often obtained in 
this steel. 

The rate of heating showed some minor influence on the grain size 
at 1,475° F when the initial structure was medium pearlite, fine 
| pearlite, or bainite (figs. 11, 12, and 13), but was without effect when 
| the initial structure was coarse pearlite or spheroidized cementite 
(figs. 10 and 14). 
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"The grain size of this steel at 1,600° F was not markedly affected },. 
variations in the initial structure or rate of heating, although go, 
minor variations in grain size were observed. 


3. CONTROLLED STEEL 


The influence of initial structure and rate of heating on the gry), 
size at 1,475° and 1,600° F of the controlled steel (C-2) is shown * 
figures 20 to 29, inclusive. 7 

Although variations in the initial structure influenced the eraj 
size of this steel at 1,475° and 1,600° F, the effects observed depended 
chiefly upon the rate of heating; no definite relation could be esta). 
lished between the initial structure and the grain size at either of 
these temperatures. For example, with the fast rates of heating 
somewhat finer grains were obtained at both 1,475° and 1,600° | 
when the initial structure was coarse pearlite (figs. 20, A, and Rf: 
and 25, B) than when the initial structures were medium pearlite 
fine pearlite, bainite, or spheroidized cementite; but with the slowes: 
rates of heating, the finest grains were obtained with initial stry. 
tures of fine pearlite and bainite (figs. 22, D; 23, D; 27, D; and 28, D 
Occasionally, particularly with intermediate rates of heating, marked 
contrast in the grain size was obtained in this steel. 

The grain size at 1,475° F was influenced by the rate of heating. 
regardless of the initial structure (figs. 20, 21, 22, 23,and 24). The 
grain size at 1,600° F was also influenced by the rate of heating wher 
the initial structure was either medium pearlite, fine pearlite, or 
bainite (figs. 26, 27, and 28). In all cases where the rate of heating 
influenced the grain size of this steel, the finest grains were obtained 
with slow rates, a relationship which is the reverse of that obtained 
with the iron-carbon alloy. 

It is noteworthy that by varying the rates of heating, finer grains 
may be obtained in this controlled steel at 1,600° F than at 1,475° F. 


IV. DISCUSSION OF RESULTS 


It is apparent that both initial structure and rate of heating ca: 
affect the grain size at a particular temperature. Of these two varia- 
bles, the data presented in this paper indicate that the rate of heating 
is the more important. The effect of this variable is pronounced in 
the case of the iron-carbon alloy investigated. Although very rapid 
rates of heating result in the formation of rather small austeniti 
grains in this alloy, very slow rates of heating cause the formation of 
extremely coarse grains. 

From a commercial viewpoint, fortunately, the two steels investi- 
gated did not exhibit a similar phenomenon. Slight differences in 
grain size were obtained with variations in initial structure and rate o! 
heating. <A definite correlation between initial structure and grain 
size could not be established. However, some indication of a corre- 
lation between the rate of heating and the grain size could be observed: 
the slow rates often caused the formation of the smaller austenitic 
grains. This trend was slight in the case of the noncontrolled steel, 
but was more marked in the controlled steel. Attention should be 
directed to the fact that the rate of heating not only had a much more 
pronounced effect upon the grain size of the iron-carbon alloy than 
upon the steels, but that the effect was opposite in the two materials. 
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It is realized that the iron-carbon alloy and the steels differed 
widely from each other in chemical composition, especially with 
regard to P, S, Mn, Si, Al, and gaseous elements, and that the iron- 
-arbon alloy was relatively free from materials that are classified as 
rain-growth inhibitors. Although the observed difference in be- 
javior must be attributed to these differences in chemical composition, 
the present results do not show which of the elements, either indi- 
vidually or in combination, are responsible. 

The iron-carbon alloy used in this investigation is being utilized 
ina study of the mechanism of the transformation of different initial 
structures to austenite. The results of preliminary tests indicate 
that the austenitie grains initially formed in this alloy are relatively 
small regardless of the rate of heating and that the grains grow 
rapidly in the transformation-temperature range. 

The controlled steel was relatively fine-grained in the McQuaid- 
Ehn test (ASTM grain No. 8), whereas the noncontrolled steel was 
coarse-grained (ASTM grain No. 3). It is interesting, therefore, to 
observe that the controlled steel (fine-grained when carburized at 
1,700° F) may have some coarse grains at the recommended quenching 
temperature of 1,475° F. (figs. 22, B; and 23, B) or at the normalizing 
temperature of 1,600° F (figs. 26, B; 27, B; 28, B; and 28, C). 


V. SUMMARY 


A study was made of the influence of initial structure and rate of 
heating on the grain sizes at 1,475° and 1,600° F of a high-purity 
alloy of iron and carbon and two plain carbon steels each containing 
about 0.5 percent of carbon. The two steels were commercial heats 
which differed principally in the amounts of alumina and aluminum. 
The steel with the lower percentage of aluminum was produced 
under conditions which resulted in noncontrol of the austenitic 
rain size, Whereas the other heat was produced under conditions 
intended to control the grain size. 

The different initial structures (that is, the structure that existed 
just prior to heating to the temperature establishing the grain size) 
consisted of either coarse pearlite, fine pearlite or spheroidized 
cementite in the iron-carbon alloy and either coarse pearlite, medium 
pearlite, fine pearlite, bainite, or spheroidized cementite in each of 
the commercial steels. 

Wide variations in the rate of heating were obtained by plunging 
small specimens into a lead bath or by heating them in vacuum. 
Except for the specimens heated in lead (most rapid rates), the rate 
of heating was taken as the average rate to heat from 1,325° to 
1,450° F, which included the transformation-temperature range. 

Variations in the initial structure of the iron-carbon alloy had no 
appreciable effect on the grain size at 1,475° or 1,600° F. Although 
the initial structure had some influence on the grain size of the com- 
mercial steels, no definite correlation was found between the grain 
size and the interlamellar spacing of pearlite, or the form and dis- 
tribution of carbides. 

The rate of heating had a marked influence on the grain sizes at 
1,475° and 1,600° F of the iron-carbon alloy. At each temperature 
relatively fine grains were produced by rapid heating and coarse 
grains by slow heating. 
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With some of the initial structures, the rate of heating affected 
the grain size at 1,475° F in the noncontrolled and controlled steels, 
and at 1,600° F in the controlled steel. In all cases where the rate 
of heating influenced the grain size of the commercial steels, the 
finest grains were obtained with slow rates, the reverse of the relation 
found with the iron-carbon alloy. 


Wasuinaton, March 18, 1942. 
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ABSTRACT 


The microscopic structure of flax and of related bast fibers was investigated. 
The stem of the flax plant consists of two main parts, a central woody core, and a 
surrounding cortex which contains the bast fibers. The cambium layer lies 
between these regions. Retting involves, essentially, a softening of the tissues to 
permit separation of the fibers from the other parts of the stem. The cambium 
layer is attacked first during this treatment, followed later by attack on other 
hin-walled cells in the cortex. 

Flax and related bast fibers, such as hemp, jute, and ramie, have a similar origin 
and structure. They are obtained from the stem in the form of long filaments, 
each of which is made up of cells. In this respect they differ from cotton fibers, 
which are single plant cells. 

\ flax cell has a primary and a secondary wall. The former constitutes the 
surface of each cell and consists largely of wax and other material, much of which 
has generally been assumed to be of a pectic nature. The secondary wall, which 
comprises the bulk of the fiber, is made up of innumerable cellulose fibrils, the 
outermost layer of which winds in one direction, whereas the majority of the 
ibrils beneath this layer wind in the opposite direction. These fibrils are grouped 

) as to give the wall a lamellar pattern. There is a greater number of these 
ayers in the walls of the cells at the base of the stem than in the cells from the 
growing tip. A corresponding increase in thickness of the wall, from the tip of 
he stem where the cells originate to the base where they mature, also prevails. 
\ll the bast fibers have essentially similar structures. Flax and ramie, however, 
differ from hemp and jute in the directions of fibrillate orientation, and this 
accounts for some of the differences in the physical properties of the two groups. 
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I. INTRODUCTION 


Flax fibers are obtained from the stem of the flax plant. The stem 
consists essentially of a central woody core, and a surrounding cortex 
which contains the flax or bast fibers. The thin cambium layer lies 
between these regions. The fibers are obtained from the plant in the 
form of long filaments, each of which is made up of cells. Other bast 
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fibers, such as hemp, jute, and ramie, have a similar origin and struc. 
ture. Although the bast fibers have many structural details like those 
in cotton, they differ from it in one important respect, namely, 9 
cotton fiber is a single plant cell, whereas a bast fiber is made up of g 
group of cells. 

A flax cell has a primary and a secondary wall. In accordance with 
the terminology used by Bailey [1],? the primary wall is considered to 
be the outer sheath of the fiber, or that portion of the wall which js 
laid down during the period of active elongation of the cell. The 
secondary wall is that part which is subsequently deposited on the 
inside of the primary wall, and which is largely responsible for the 
useful properties of the fiber. The adjacent cells are held together 
by a layer of intercellular substance. 

At the tip of a growing flax stem all the cells are essentially alike. 
They are relatively small and uniform, and have a tenuous primary 
wall. A short distance back from the growing point the cells that are 
to develop into fibers increase in dimensions, and deposition of th 
secondary wall is initiated. 

Considerable information concerning the structure of flax is avail- 
able from the work of Tammes [2], Nodder [8, 4], Searle [5], Herzog {6}, 
Anderson [7], Osborne [8], and others. In the present investigation 
many of these earlier observations have been confirmed and extended 
by applying to the flax fiber those methods and techniques which have 
recently been used to advantage in studying the structure of the 
cotton fiber. 


II. MATERIALS 


Two varieties of Linum usitatissimum, Martin and Jlord, were used 
for most of the experiments. The samples of the former variety con- 
sisted of dried flax plants, flax straw, retted straw, scutched line fiber, 
and machine-hackled line fiber. This material was grown in Oregon 
and supplied through the courtesy of the Bureau of Plant Industry, 
U.S. Department of Agriculture.? Plants of the second variety were 
grown from seed, in pots in the laboratory. For comparison, about 
15 other samples each of flax, hemp, jute, and ramie were used. This 
material included fibers which had received various treatments during 
manufacture. 

A few experiments were carried out with commercially retted fibers, 
but for the most part the investigation was limited to fibers that had 
received as few treatments as possible. This was accomplished by 
careful dissection of single fibers from flax straw, such fibers being 
termed “raw fibers.”’ The natural waxes were removed from some of 
the raw fibers by extraction with alcohol and ether for 24 hours each. 
These fibers are termed ‘‘dewaxed fibers.’’? A portion of the dewaxed 
material was further purified by boiling with 5-percent sodium 
hydroxide until the fibers were practically free of intercellular sub- 
stance, and of much of the primary wall. These fibers, after removal 
of the material which has generally been assumed to be pectic in 
nature [1, 9], are designated ‘‘depectinized fibers.” 


The cuprammonium hydroxide solution, used for dissolving and for 


swelling the cellulose, was prepared according to the recommendation 
of Mease [10]. Trimethylbenzylammonium hydroxide was used in 


4 Figures in brackets indicate literature references at the end of this paper. _ : ; 
3 Acknowledgment is made to B. B. Robinson and E. G. Nelson for supplying this material. 
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some of the experiments. The stock solution, which was 2.5 N, was 
diluted with water just before using to about 2.2 N. For staining 
cellulose, iodine and sulfuric acid [11], zine chloride-iodine [11], and an 
alkaline solution of Congo red (0.5 percent of dye in a 0.5-percent 
solution of sodium hydroxide) were used. Aqueous solutions of 
ruthenium red were suitable for staining pectic compounds [12]. 
Although ruthenium red is not a specific stain for pectic substance, 
native pectic compounds are invariably colored by it [13]. 


III. EXPERIMENTAL PROCEDURE AND RESULTS 
1. FLAX FIBERS IN CUPRAMMONIUM REAGENT 


in an earlier investigation on the behavior of cotton in cupram- 
monium hydroxide solution it was shown that the cellulose of the 
fibers dissolves, leaving residues which vary in amount and in struc- 
ture, depending upon the extent of purification of the fibers [14]. In 
the present study similar results were obtained with flax. When raw 
and dewaxed fibers were placed on microscope slides and then treated 
with cuprammonium reagent the fibers swelled and twisted, and 
separation of the individual cells occurred. The fibers were attacked 
first at the characteristic surface markings, which Osborne [8] has 
shown to be fissures in the wall. That these markings are actual 
fissures explains why they became more prominent when the fibers 
were given microchemical color tests for cellulose (fig. 1), and also 
why the cuprammonium reagent attacked these regions first. The 
latter phenomenon was especially noticeable when the observations 
were made with the crossed nicols of a polarizing microscope. The 
fibers, originally bright against a dark field, became progressively 
dimmer as the cellulose dissolved. After several minutes the field was 
black, which indicated that the birefringent material had disappeared. 
Under the conditions of this experiment, balloon-like swellings which 
commonly arise when cotton fibers are similarly treated [15], were 
not observed. 

The raw and dewaxed flax fibers were practically identical in their 
behavior. The residue which remained after treating them witl 
cuprammonium reagent was isotropic and stained deeply with ruthe- 
nium red (fig. 2). It consisted of intercellular substance, and of ma- 
terial from the primary wall and lumen, and parts of the secondary 
wall. When handled and dissected with microneedles this residue 
appeared gelatinous and rubbery, and was less readily torn apart than 
similar residues from cotton. Whereas in cotton the pectic substances 
are usually restricted to the primary wall and to the lumen [15], in 
flax cells this material, which appears to be of a pectic nature and 
which stains with ruthenium red, is present in the secondary wall also. 
It is distributed in narrow lamellas, which are especially prominent 
around the lumen (fig. 3, A). The existence of these lamellas can be 
verified by focusing, shading, and gently moving the specimen by 
applying pressure to the cover glass. 

The individual cells of depectinized fibers separated from each other 
more easily than the cells of raw and dewaxed fibers. In cupram- 
monium reagent they dissolved almost completely, leaving only a 
small amount of residue, which exhibited no definite cellular structure. 

The examination of cross sections of raw, dewaxed, and depectinized 
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fibers confirmed the results obtained with single fibers. By means o; 
the device of Hardy [16], fibers were cut into sections about 10 micron, 
thick. The sections were placed on microscope slides and then exam. 
ined as cuprammonium hydroxide solution was drawn under the cove; 
glass. The sections swelled, and in a short time the cellulose ap- 
peared to be dissolved. The residue from sections of raw and dewaxed 
flax was relatively large in amount, isotropic, stained with rutheniyy 
red, and consisted in part of insoluble cin from the region arow 
the lumen (fig. 3, B). Cross sections of depectinized flax fibers dis. 
solved in the reagent, leaving only a small amount of disorganize, 
residue. 
2. LAMELLAS 


Under high magnification the secondary walls of plant fibers exhib; 
diverse structural patterns which are sometimes visible in untreate 
cells, but which usually stand out clearly only after the cells hay 
been swollen. The presence of concentric lamellas in the cell wall o! 
the cotton fiber has been clearly established [15, 17, 18]. Hip th 
wall of the flax cell has a similar configuration is suggested by t! 
work of Tammes [2], Nodder [3], Searle [5], Anderson [7], Ald: i 9), 
and others. Additional evidence in support of such a structure wa 
obtained in the present investigation. 

Cuprammonium reagent dissolves the cellulose of the fibers in ; 
relatively short time. In suitable dilutions of the reagent, howeve: 
complete dissolution of the cellulose does not occur; instead the fibers 
swell considerably and thereby reveal many details of structw 
When single cells or small groups of flax cells were placed in cupran 
monium hydroxide which had been diluted with 3 to 4 volumes o! 
concentrated ammonium hydroxide, they swelled to several times 
their original diameter. Upon focusing midway between the upper 
and lower surfaces of such a swollen flax cell, layers or lamellas run- 
ning parallel to the axis were discernible in the wall (fig. 4, A and B 
Lamellas were similarly observed in swollen cross sections of the cells 
(fig. 5). Individual lamellas varied in thickness from 0.1 to 0.2 
micron.* In both cases, upon staining with Congo red, alternati 
layers of densely and of lightly stained cellulose became prominent 
Between crossed nicols these sections showed alternating layers o/ 
strongly and of weakly birefringent material. 

Although in longitudinal view the lamellas usually ran parallel | 
the long axis of the cell, this pattern was occasionally altered. At 
certain points the lamellas did not maintain their cylindrical shap: 
but converged over the lumen to form dome-shaped structures, 01 
“caps.’’ As shown in figure 4, B, two of these domes lay next to eac! 
other. Usually, only the innermost lamellas formed these structures 
the outermost layers continuing parallel to the axis of the cell a 
enclosing the “compartments” within. These observations appear to 
be in agreement with those of Aldaba [19], who studied the develop- 
ment of the cell wall in bast fibers of Boehmeria (ramie) and Linu: 
(flax). Apparently in the earlier stages of cellular differentiation th 
protoplasm of a single cell behaves more or less as a unit, thereby 
giving rise to lamellas which extend usually along the entire length 0! 
the cell wall. In the later stages of development the compartments 


‘The width of the lamellas was obtained by dividing the thickness of the wall of the unswollen 
by the number of layers counted after swelling. 
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FIGURE 1.—Transverse markings of flax fibers. 


4 


\ cells separated from a fiber and treated with zine chloride-iodine to show the transverse markings. 
Magnification «100 
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FiGuRE 2.—Dewazed flax fibers in cuprammonium hydroxide solution. 


Residue which remains after the cellulose of the fibers has dissolved in the reagent. Stained with ruther 
red. Magnification «100 
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Residue from dewaxed fibers after treatment with cuprammontum 
reagent. 


linal view of residue from part of a cell; B, cross section of residue from a single cell. Stained 
with ruthenium red. Magnification 500, 
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FiGurE 4.—Lamellas in longitudinal view. 


{, Single cell, showing lamellas parallel to the long axis; B, single cell, showing formation of ‘ 
ments"’ by some of the inner lamellas. Cells swollen in dilute cuprammonium hydroxide an 
with Congo red. Magnification «500 
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FIGURE 5. Lamellas in cross section. 


t cells after swelling in dilute cuprammonium hydroxide and staining with Congo red 
Magnification 500 
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are formed in localized regions of the cell, which give rise to additional 
lamellas enclosed within those previously deposited. 

In order to investigate the lamellar structure of flax fibers from 
different regions of the plant, several flax stems each about 96 em 
in length, were selected and divided into 16 segments in the following 
manner. Starting at the base, fifteen 6-cm segments were cut off. 
The remaining part, which included the branching tip and which 
sometimes slightly exceeded 6 cm, constituted the 16th segment. 
Several series of experiments were then run on the fibers, which were 
manually separated from each of these regions. First, the fibers 
were cut Into thin cross sections, and the width of the cell walls was 
measured with a calibrated ocular micrometer. Although consider- 
able variation was found, the measurements indicated that the wall 
is thicker in the cells at the base of the stem than in those at the tip 
table 1). As the cells mature, an initial rapid increase in thickness 
of the wall appears to be followed by a further more gradual increase. 
Second, cross sections were swollen in dilute cuprammonium hydrox- 
ide, and the lamellas were counted. Finally, the lamellas were 
counted in longitudinal view in swollen cells from each region. <Al- 
though there was an appreciable variation in the number of lamellas 
at any one level of the stem, the number was greater in the cells at 
the base of the stem than in those at the tip. Figure 6 shows graphi- 
cally the number of lamellas in relation to the position of the cell in the 
stem. 
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l'icurE 6.—Number of lamellas in cells from various regions of the stem. 


egments represent a distance of 6cm each, and are numbered from the tip to the base of the stem. 
Each point of the curve represents the average of 20 counts.) 


The examination of cross sections (fig. 7) and of cells from living 
plants confirmed the above observations. The wall often showed 
a lamellar pattern even in unswollen sections. The lumens of the 
growing fibers were sharp and irregular in outline, and in some cells 
the lamellas of the secondary wall appeared wrinkled and folded and 
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TABLE 1.—Thickness of the wall of cells from fibers in various regions of the 
[The segments represent a distance of 6 cm each and are numbered from the tip to the base of t! 
ia ; : | 
Phickne | Thickness | 


(microns) Standard | (microns) | Standard 
irithmetic deviation {| Segment | arithmetic deviation 


mean of 4 (microns) || mean of 40 (microns) 
measurement i] measurements 


$1.8 | 
4 


“05 
4 


only loosely held together. At the tip of the stem, where the ce! 
walls were thin, there were fewer lamellas than in the walls of mature 
fibers from the base. 

Because of the similarity in the lamellar structure of the flax and 
cotton fibers, it seems probable that the deposition of lamellas i 
flax may be related to environmental factors, as has been show: 
for cotton [15, 17, 18]. However, because of the complex structur 
of the flax stem, the time at which the fibers originate in the stem 
is unknown and their development cannot be followed. 


3. FIBRILLATE STRUCTURE 


A fibrillate structure has been described for many different. plant- 
cell walls, and probably accounts for many of their useful properties. 
In order to study the fibrillate structure of flax, raw and depectinized 
flax cells were treated with dilute cuprammonium hydroxide (diluted 
with 3 to 4 volumes of ammonium hydroxide), trimethylbenzylam- 
monium hydroxide, or approximately 10 percent sodium hydroxide 
Upon swelling, the wall of each cell was found to consist of innumer- 
able exceedingly fine fibrils which made an acute angle with respect to 
the axis. As the cell continued to swell, this angle increased until, in 
extreme cases, the outermost layer of fibrils lay in a nearly transversi 
position. In agreement with the observations of Nodder [3] and 
Osborne [8], it was found that upon focusing on the upper half of a 
swollen cell the majority of the fibrils appeared to make an S twist.' 
Under favorable conditions, however, it can be shown that although 
most of the fibrils in the secondary wall have an S twist, the outer- 
most layer has a Z twist (fig. 8). In other words, the first layer of 
fibrils laid down in the secondary wall winds in an opposite direction 
from those which are deposited subsequently, making flax comparable 
to cotton in this respect. Although it is difficult to determine whether 
all the fibrils in the inner layers wind in one direction, this appeared 
to be the case. Anderson [7], however, found a reversal in direction 
of fibrillate orientation in alternate lamellas. With continued swell- 
ing in the reagent, the outermost layer of fibrils frequently lost its 
even distribution over the surface of the fibres and became clumped in 
a few places, thereby restricting the uniform lateral expansion of the 
swelling fiber (fig. 9). 

5 According to ASTM Standards on Textile Materials [20], a yarn or cord has an S twist if, when held in 
& vertical position, the spiral conforms in slope to the central portion of the letter 8S, and a Z twist ifthe 


spiral conforms to the central portion of the letter Z. In the present paper, the same terminology will be 


applied to fibrils. 
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e fibrillate structure of the secondary wall was examined further 
with the aid of the needles of a micromanipulator. Flax cells were 
frst swollen in trimethylbenzylammonium hydroxide and then 
handled with the microneedles. The cells were flattened, stretched, 
dissected, and otherwise handled so as to reveal their structural details. 
By this technique the apparent fibrillate structure of the flax fibers 
was verified. In some cases, small groups of fibrils were pulled away 
from the cell, whereas at other times practically all the fibrils were 

separated from each other and spread out in a thin sheet (fig. 10). 
When examined with the polarizing microscope the fibrils themselves 
appeared to be birefringent. 


4. RETTING 


In order to study the changes in structure which take place during 
retting, comparisons were made of commercially retted flax and ot 
samples which were observed continuously during retting in the 
aboratory. 

The commercially retted (tank-retted) flax straw was darker in 
appearance and more brittle than the untreated stems of the same 
variety. The bast fibers were often only loosely held to the centra! 
woody portion of the retted stem, and could be removed easily for 
further examination. These fibers stained rather uniformly with 
ruthenium red and left a large residue of isotropic material upon 
treatment with cuprammonium hydroxide solution. As observed in 
cross section, spaces were sometimes evident around the individual 
bast cells as if the intercellular substance and the primary wall had 
been attacked, but for the most part the small groups of cells were 
still held together in their natural arrangement. Cross sections were 
also made of retted flax straws in order to observe the changes in all 
the cells of the stem, and not just in the commercially useful bast 
fibers. Retting was found to take place first in the cambium layer, 
and later in certain of the cortical cells which surround the fibers. 
The cells in these regions are thin-walled, with a high proportion of 
intercellular substance and primary wall, and are easily accessible to 
retting agents. In the retted samples these layers still gave a positive 
iest with ruthenium red although the individual cell walls were dis 
torted and crushed. The weakening of these regions allows cas) 
separation of the bast fibers from the woody portion of the stem and 
from the nonfibrous cells of the cortex. 

Similar experiments were also carried out on samples retted in the 
laboratory. The specimens were placed in water at 95° F and were 
observed daily thereafter for 2 weeks. Observations were made on 
entire flax straws and on their cross sections. The results of these 
experiments confirmed and extended the observations made on com- 
mercially retted samples. The first cells to be attacked by the retting 
microorganisms were the thin-walled cells of the cortex and cambium 
layers [21]. Where the process was continued for a longer time, the 
primary walls of the flax cells were attacked also (fig. 11), but this 
did not appear to be the essential feature of retting. The observations 
suggest that, while retting may depend in part on the removal of 
ntercellular substance and of material from the primary walls of the 
bast cells, the weakening of the cambium and cortical layers is of 
greater importance [21, 22]. 

463607424 
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5. COMPARISON OF FLAX WITH OTHER BAST FIBERS 


While less attention has been paid to the other bast fibers hemp 
jute, ramie—it appears that their structures are similar to those # 
flax. Upon treatment with cuprs ammonium reagent the celliylos, 
dissolves, leaving a disorganized isotropic residue resembling that from 
flax. All of these fibers show transverse surface markings, which, 
become more prominent after treatment with zine chloride-iodin, 
Whereas in flax, hemp, and sometimes in ramie, these markings oft; 
form the letter ‘“‘X’’, this does not occur in jute. After swelling te 
many times their original diameter, all the bast fibers show bot) 
jlamellas and fibrils in their cell walls. 

The identification of bast fibers by ordinary microscopic tec _ es 
is often difficult and uncertain. The moisture test, in which { 
direction of movement of one end of the fiber is observed i. 
wetting and drying, has been suggested as a further means of dis. 
tinguishing them [11]. Accordingly, it was decided to examine all o{ 
the available samples of these fibers in order to determine the usefil- 
ness of this test. Samples of raw fibers, and others which had bee 
processed in various ways, were used. The test was carried out in 
the following manner. A small piece of paper was cemented to one 
end of the fiber perpendicular to its axis. This refinement of techniqu 
was helpful, although not essential, in accurately determining th, 
twist. The fiber was then placed in water for 30 sec to 1 min t 
ensure thorough wetting, whereupon it was removed and allowed ti 
dry in air. The fiber was held vertically and the direction of twist 
observed by looking down at the paper indicator. By alternat 
wetting and drying, the test may be repeated many times on a sing] 
fiber. During wetting, the fibers usually show a twist opposite to that 
observed during drying. With few exceptions, the following generali- 
zations, In agreement with those of Nodder [3] and Reimers [23), 
appear to hold. The drying twist of flax and ramie is counterclock- 
wise, whereas the twist for hemp and jute is clockwise. The speed o! 
twisting was not uniform for any one type of fiber. For examp! 
some hemp fibers twisted clockwise very rapidly, whereas others 
moved only slowly in that direction. Generally, however, the motion 
is more rapid in flax and ramie than in hemp and jute. 

The results of the moisture test suggest that the variations in drying 
behavior may be caused by differences in the fundamental structur 
of the two groups of fibers. That differences in structure do exist 
was revealed by noting the direction of orientation of the fibrils in 
swollen fibers. "As described in an earlier section of this paper, a flax 
cell consists of many fibrils, oriented at an acute angle with respect t 
the long axis of the fiber. The majority of these fibrils have an 
S twist, but the outermost layer has a Z twist (fig. 8). The fibrillat 
structure of cells from ramie fibers was found to be identical. Swelling 
treatments did not reveal the fibrillate structure in hemp and jute as 
clearly as in flax and ramie. However, with microneedles, fibrils were 
dissected from the former. The outermost layer of fibrils showed 
Z twist, as in flax and ramie, but unlike them, the majority of th 
fibrils appeared to be oriented nearly parallel to the axis, Figure |” 
shows, diagrammatically, the direction of fibrillate orientation in th 
bast fibers and is similar to sketches of the micellar orientation in 
these fibers as reported by Reimers [23]. 
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FIGURE 7.— Cross section of the flax stem. 


ection of the stem of a growing flax plant, showing the thick-walled fiber cell 
by other tissues. Magnification 500 
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Figure 8.—Fibrillate structure of flax. 


A single cell swollen in dilute cuprammonium hydroxide, showing the Z twist of the fibrils in the 
layer and S twist of the fibrils in the layers beneath. Magnification 500, 
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Figure 9.—Irregular swelling of a flax cell. 


lepectinized cell in dilute cuprammonium hydroxide, showing irregular swelling because of the con 


ricting influence of the outermost layer of fibrils. Lamellas, as well as some protoplasmic material in 
lumen, are also shown, 





Journal of Research of the National Bureau of Standards Research Pape 


Microdissection of a single flax cell, 


mmonium hydroxide and dissected with microneedles Mag 
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Figure 11.——Retted flax straw. 
ross section of a retted flax stem, showing the break-down of the cells surrounding the fibers, and 


ase the separation of the fiber cells from each other because of overretting, Compare with figure 7 
vith ruthenium red, Magnification 500 






































Figure 12.—Schematic dra ving of the arrangement of fib ils in the cells of ba 


1, Flax and ramie; B, hemp and jute 
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In order to see whether there was any similarity between the be- 
ivior of yarns with various twists, and fibers with different fibrillate 
orientations, several yarns with S and Z twists were given the moisture 
rest. Yarns with an S twist were found to turn counterclockwise 
when losing moisture and clockwise when taking it up. The reverse 
vas true for yarns with a Z twist. This suggests the following analogy 

th bast fibers. In flax and ramie the direction of twist appears to be 

termined largely by the bulk of fibrils, which make an S twist 
When drying, for instance, the tendency of the outermost layer of 

rils with the Z twist to turn the fiber in a clockwise direction is over- 
come by the very many more fibrils whose orientation favors a counter- 
clockwise movement. In hemp and jute the parallel orientation of 
the majority of fibrils does not influence the fiber to turn either one 
way or the other during moisture changes. In these fibers the Z twist 
of the fibrils in the outer later appears to be the determining factor, 
thereby causing a clockwise drying twist and a counterclockwise twist 
during wetting. 

While it is recognized that during swelling the angle which the 
fibrils make with the fiber axis may be changed in magnitude, studies 
with the polarizing microscope indicate that the general direction of 
orientation is unaltered. When the fibers were mounted in water 
and examined between crossed nicols and a selenite plate some of the 
fibers were opposite in appearance to others. Flax and ramie were 
indigo at 0° and orange red at 90°, whereas hemp and jute were orange 
red at 0° and indigo at 90°. Upon rotating the fibers the color changes 
were more pronounced in the first than in the second of the above 
groups. In both groups color variations occurred in different fibers 
and even in different regions of the same fiber, but in general when 
flax and ramie were placed at 0° the interference colors rose in the 
color scale, whereas for hemp and jute the interference colors fell. 
These observations, which are in agreement with those of Herzog [6], 
indicate an opposite orientation of the cellulose in the two groups of 
fibers. In cotton, contrasting colors indicative of differences in orien- 
tation occur within a single fiber and upon swelling it is seen that in ¢ 
single fiber the direction of fibrillate orientation is frequently reversed 
[15]. It is interesting to note, accordingly, that when the moisture 
test was applied to single cotton fibers they twisted either clockwise 
or counterclockwise during drying, and sometimes different parts of 
the same fiber twisted in opposite directions. Occasionally no move- 
ment was observed. These experiments indicate that a close corre- 
lation exists between the fibrillate orientation of the fibers and some 
of their physical properties. 
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ACCELERATED AGING OF LACE LEATHERS 


or ar’ 


By Joseph R. Kanagy and Philip E. Tobias 


ABSTRACT 


Alum-, indian-, and chrome-tanned lace leathers, submitted by various manu- 
urers, were tested for deterioration under accelerated-aging conditions. In 
addition, the physical and chemical properties of these leathers were determined 
iwecording to the tests prescribed by the Federal specification for lace leathers. 
The alum-tanned lace leathers were much less stable under the conditions of 
iccelerated aging than the indian- and chrome-tanned leathers. Several types 
f chrome-tanned leathers, including chrome-tanned lace leather, showed int 
mediate stability. From the results of these tests, it appears that measurements 
f physical properties such as strength, stretch, and flexibility, together with an 
elerated-aging test, may be expected to give more valuable information about 

» performance characteristies of lace leathers than the measurements requires 

present Federal specification. 
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{. INTRODUCTION 


Two of the more important physical properties desired for lace 
leathers are high strength and high flexibility. These properties are 
found in leathers which have been tanned lightly, with the hides in 

unswollen condition, followed by treatment with large amounts 
{ oils and greases in the finishing processes. Another essential prop- 
erty for lace leather, as well as for any other type of leather, is dura- 
bility. Durability is not necessarily imparted by the same tanning 
processes which yield high strength and high flexibility. Therefore, 
it is important that specifications for lace leathers should require a 
lirect determination of their aging characteristics. 

In the Federal specification for lace leather, KK—L-201, durability 
is judged from a number of chemical tests. To make these tests 
requires considerable time, and the significance of some of them has 
been questioned. An accelerated-aging test would be a more accurate 
index of the durability, since such a test would approximate the condi- 
tions of actual service, and would also save time in testing and simplify 
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such specifications. For this reason, a study of the accelerated. 
aging properties of alum-, indian-,! and chrome-tanned lace leathers 
was made. 

Bureau of Standards [1] *, and these have been shown to give results 
similar to those obtained with vegetable-tanned leathers under normal 
aging conditions. 


Il. MATERIALS AND EXPERIMENTAL PROCEDURE 


The samples tested included indian-, alum-, and chrome-tanned 
lace leathers. <A total of 15 samples of these leathers were submitted 
by various manufacturers, and it was assumed that they were fairly 
representative of the lace leather on the market. . 

From each block, measuring 7 by 14 inches, 12 tensile-strength, 
specimens were cut. These blocks were cut from the best area of 
the hide available, however, no regard was given to using the cor- 
responding areas from all of the hides in a given test. The specimens 
were numbered 1 to 12, consecutively. The even-numbered speci- 
mens were aged, whereas the odd-numbered ones were used as con- 
trols. In all but one experiment the samples were allowed to dry for 
6 hours before aging. This drying procedure is described in a previ- 
ous publication [1]. The effect of degreasing before aging on som 
of the samples was also studied. 

The apparatus used in making the tests was the same as that 
described in a previous publication [1]. Air which had been satu- 
rated with water at 45° C was passed over the leather specimens. 
This furnished an atmosphere having a relative humidity of about 
9.5 percent at 100° C. The temperature and time of aging wer 
varied. 


III. RESULTS AND DISCUSSION 


The results of the accelerated-aging tests on the lace leathers, 
expressed as percentage loss in breaking strength, are given in table 1 
The temperature, time, and other conditions of aging are also given. 
The results indicate that the alum-tanned lace leathers are extremely 
unstable under all of the aging conditions. The relative order of 
stability of each of the alum-tanned leathers is the same for nearly all 
sets of conditions tried. Alum leather 6 is most stable under all con- 
ditions; alum leather 4 is correspondingly least stable. Degreasing 
the leathers decreases the rate of deterioration, but the relative rates 
of deterioration are unchanged. 

Indian- and chrome-tanned lace leathers are much more resistant 
to accelerated aging than the alum-tanned leathers, as shown in tabli 
1. In these cases, as was also observed with alum leathers, the 
relative order of resistance to aging as measured by loss in breaking 
strength for each of the samples is the same under nearly all of th 
conditions. Leathers 1 and 14 are most resistant to aging, whereas 
leather 10 is least resistant. The chrome-tanned lace leathers show 
comparatively low resistance to aging. Chrome leather 11 gives @ 
high percentage loss in breaking strength in comparison with any 
of the indian-tanned leathers, whereas chrome lace leather 15 is equal 
in performance to the indian-tanned leathers, which give intermediate 
results. 


1 Alum-tanned leather retanned with a suitable vegetable tanning material 
2 Figures in brackets indicate the literature references at the end of this paper. 





Accelerated Aging of Lace Leathers 


TABLE 1.—Results of accelerated aging 
Percentage loss in breaking strength 


Conditions of aging—air saturated with water vapor 


+} ) mt . | 

unher number 100°C; | 90°C; | 90°C; | 80°C; 90° C: 4 
7 days; | 4 days; 2 days; | 4 days; | days; dried; 
dried | dried | dried | dried degreased 


ALUM-TANNED 


INDIAN-TANNED 


CHROME-TANNED 


74 | 


* Wain. 


Since the low resistance to aging of the chrome lace leathers was 
inexpected, several additional experiments were made, in which 
other types of chrome-tanned leathers were included. Chrorme- 
tanned ski leather, chrome-tanned lace leather, and chrome-, chest- 
nut-, and quebracho-tanned steer-hide leathers were aged at 60°, 
70°, 80°, 90°, and 100° C in air which had been saturated with water 
at 60° C, thus producing a relative humidity of approximately 19.5 
percent at 100° C. Chrome-tanned steer hide, chrome-tanned lace 
leather, and chrome-tanned ski-leather, previously dried, were aged 
at 80°, 100°, and 120° C in air saturated with water at 45° C. The 
steerhide leathers were tanned in the experimental tannery at the 
National Bureau of Standards. 

The results of the accelerated aging are shown in table 2, and in 
comparing the losses in breaking strength, the chrome-tanned leathers 
show less stability under the conditions of this test than quebracho 
leather and are about equal in stability to chestnut leather. The 
losses in breaking strength, for the chrome-tanned leathers, increase 
with temperature, continuing up to 120° C, the highest temperature 
at which the tests were made. Slightly higher losses in breaking 
strength were obtained at 60° than at 70° C. This was possibly 
caused by the condition of 100-percent relative humidity at 60° C. 
The amounts of soluble nitrogenous materials extractable by a 0.1 N 
sodium carbonate solution from the aged chrome-tanned leathers do 
not parallel the losses in breaking strength. The aged samples yield 
small amounts of soluble nitrogenous materials, which are nearly 
constant for every temperature except 120° C. Similar results for 
losses in breaking strength and for amounts of soluble nitrogenous 
materials for chrome-tanned leathers were obtained by Frey and 
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Beebe [4] in their studies on acid deterioriation in the sulfur dioxid: 
gas chamber. ‘They suggested that the soluble nitrogenous materis 
values might not be a reliable index of the deterioration of chromo. 
tanned leathers and also mentioned the possibility of a mechanisy 
of deterioration, different for chrome- than for vegetable-tannod 
leathers. The fact that a mechanism of deterioration, different {o, 
chrome- than for vegetable-tanned leathers, may exist emphasize 
the importance of the selection of suitable conditions and the prope 
criterion of deterioration for comparing the aging qualities of vegp. 
table- and chrome-tanned leathers. The conditions of aging should 
be similar to those which the leathers will undergo in service. Th 
belief that chrome leather is superior to vegetable-tanned leather 
originated principally from the fact that well-tanned chrome leathe: 
when heated in water has a higher shrinkage temperature than vege. 
table-tanned leather. This condition parallels few circumstances of 
actual service. From the results of this work in which the tes 
method approximates more nearly normal aging conditions, it appears 
that for use as lace leather, where breaking strength is important 
either vegetable- or the so-called indian-tanned leather, if well made. 
would be as serviceable as chrome-tanned leather. 


sults of accelerated aging tests 


aging—air saturated with water vapor at 60° C. Samples 
iried. Aging time—7 days 


soe Cc 90° C | 100° C 


Loss in Loss in Loss in | Solu- | Loss in Solu- Loss in 
breaking | breaking | breaking! ble ni- | breaking | ble ni- | breaking 
strength | strength | strength | trogen | strength | trogen | strength 


Quebracho-tanned steer ; o | / 7% _ | 
hide : , ¢ 9 | 1.0 | 
Chestnut-tanned steer hide : ‘ , y 6.4 
Chrome-tanned steer hide a3 ( y ‘ 1.0 
Chrome-tanned lace j , 15 ‘af ‘ 0.7 
Chrome-tanned ski | t RB 6 


air’saturated with water vapor at 45° C.® Sample 
dried. Aging time—7 days 


100° C 


Loss in Soluble Loss in 
breaking nitrogen breaking 
strength strength 


Chrome-tanned steer hide 
Chrome-tanned lace » 
’ 


Chrome-tanned ski ® 


» Gain. 


» Degreased. 


The chemical and physical analyses of the lace leathers are shown 
in table 3. These analyses were made by the methods described in 
Federal Specification KK-—L-201 for lace leathers. Tensile-strength 
measurements were made in a tension machine, using the full-length 
lace. The degree of tannage of the indian-tanned lace leathers was 
determined by the ALCA method for vegetable-tanned leathers. 





Accelerated Aging of Lace Leathers 


Wallace [2] has shown that the amount of the nitrogenous materials 


extractable from vegetable-tanned leathers decreases as the degre: 
of tannage increases. In general, such a trend is shown ‘a comparing 
the corresponding values for these factors given in table 3. There 
is no apparent correlation between the results of the aging tests and 
the amounts of the nitrogenous materi: ls extractable from the unaged 
leathers by water at 70° C. Leather 3, which yields far more nitrog- 
nous material. than’ the other ca leemdanineel leathers, shows a 
much resistance to aging as leathers 5 or 7, and considerably more 
than 10. Leather 3 contains a high amount of R,O3, consisting 
principally of aluminum oxide. Frey and Beebe [3] have shown 
that leathers tanned with a combination of alum and vegetabl 
tanning materials are more resistant to aging than those tanned with 
vegetable tanning materials alone. They found that the resistance 
to aging increases as the alum content is increased. Therefore, the 
mounts of nitrogenous materials extractable from any unaged 
leathers at 70° C may not be a reliable criterion of the stability of 
those tanned with a combination of alum and vegetable tanning 
naterials. 
TABLE 3.- wins te rties of lace le ather 


Chemical 


aR X- 


| 5 ; 2T 
| Ash Grease} R3O3 | | — Cr2O3 | pH } 
| | t 
I 


— . 


ALUM-TANNED 
mg/7.5 


g 
leather| % 


.9 
ri ) 
3.9 | 
0.04 | 4.1 | 


! 


INDIAN-TANNED 


0.06 | 3 


19 10. 160 


. 142 

Measured at 32.5 Ib. 

? Measured at 85 Ib. 

By accelerated aging, and by the determination of the physical 
properties, leather 1 appears to be the best type of lace leather. It 
was completely penetrated with vegetable tanning materials at the 
low degree of tannage of 30.8. Leather 14 also resisted aging well 
but had a high degree of tannage, which, for most leathers, would 
result in a decrease of strength and flexibility. 
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The determination of extractable nitrogenous materials may he 
misleading, especially in the case of indian-tanned leathers. It hag 
ieenilienrautcas anaes (1) that theoill-of tas leather io vellecied ta a. 
results obtained in this accelerated-aging test. A limit of the R,0 
content in the Federal specification appears to be undesirable, sine 
it has been shown that the aging resistance of combination alum- and 
vegetable-tanned leathers increases with the aluminum oxide conten! 
The significance of a limit on the ash content is also open to question 
Krom these observations and the results of this work, it appears that 
measurements of such physical properties as strength, stretch, an 
flexibility, together with an accelerated-aging test, may be expected 
to give more valuable information about the performance character- 
istics of lace leathers than the measurements required by presen; 
Federal specification. 
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EFFECT OF MODERATE COLD-ROLLING ON THE HARD- 
NESS OF THE SURFACE LAYER OF 0.34-PERCENT-CAR- 
BON STEEL PLATES 


By Harry K. Herschman 


ABSTRACT 
: influence of moderate cold-rolling on the surface indentation hardness of 
34-percent-carbon steel plate initially surface-finished by three different methods 
investigated. Variations of the hardness of the surface layers extending to 
rent depths below the surface of the specimens were determined by applying 
t loads on a Knoop indenter. Indentation hardness tests also were made 
th the Rockwell Superficial hardness machine. The results obtained with the 
op indenter showed significantly lower hardness numbers for the superficial] 
f the steel after the lighter degrees of rolling, the magnitude of change ap- 
rently being influenced by the mode of initial finishing. Hardness decreases 
e not revealed by tests made with the Rockwell Superficial machine nor in 
y case in which the penetration of the Knoop indenter exceeded about 0.0003 
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I. INTRODUCTION 


n cooperation with the Bureau of Engraving and Printing, the 
ational Bureau of Standards is studying the effect of different surface 
linishes on the engraving and transferring properties of 0.34-percent- 
carbon steel plates. A previous paper [1]! on the initial phase of this 
study described results of surface indentation hardness tests made with 
an elongated pyramidal-diamond (Knoop) indenter [2] on specimens 
having different me tallographic structures and finished under different 
stinding conditions. Exploratory experiments with these specimens 

ndicated that burnishing the surface by cold-rolling was accompanied 
by a decrease in hi ardness of the superficial layer. This appears to be 
in accord with recent work of Goss and Brenner [3], who presented 
hardness (monotron test) data showing a hardness reversal during 
continued cold-rolling of 0.74-percent-carbon (sorbitized) _ steel. 
However, similar experiments by these investigators with this steel in 
the pearlitic condition showed only progressive hardening. <A_ be- 
havior similar to that of sorbitic steel, reported by Goss and Brenner, 
has been found also in copper, by Atkin [4] and others [5, 6]. Thomp- 


__ 


' Figures in brackets indicate the literature references at the end of this paper. 


SY | 
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on [7], who obs rved no indication of hardness reversals during | 


progressive iz of either monocrystalline or polycrystalli 
copper, briefly summarized a number of suggestions offered by ot}, 
concurring investigators to account for the apparent anomalous }).. 
havior of copper. However, these suggestions apparently did , 


i 
} 


take into consideration the differences in the properties of the Mets 
immediately adjacent to the surface compared with the metal mo; 
remote from the surface as a possible factor influencing hardness tes: 
involving shallow indentations. That such a layer, which possess 
distinctive characteristics, exists has been borne out by considerah 
research since Beilby [8] first postulated the formation of an amorphou 

layeron metals subjected to polishing : an i other means of 'cold-workine 
Because of the dist inctive characteristics of the metal near the surfa 
that has been cold-worked, it is reasonable to assume that the resu|: 
of the hardness tests will be influenced by the depth of penetratio 
of the indenting 

The structure of a surface layer of 18-8 stainless steel has bee 
shown by Wulff [9] to be affectec te different degrees by differen; 
surface-finishing hn ae at This is in accord with the results o 
Chalmers [10], who found by o ptical- -reflectivity means, significantly 
different surface-hardness values for annealed copper polis hed wit 
different abrasives. These results suggest that the initial surfac 
finish of a metal may influence <n magnitude of the hardness dnt 
in its surface layer caused by light cold-rolling. 

This paper summarizes the results of indentation hardness test: 
made with the Knoop indenter [2] penetrating to progressively 
creasing depths beneath the surface of specimens initially finished by 
different methods and then cold-rolled to different degrees. Thes 
results are supplemy nte 1d by the results of hs wrdness tests made on t 
same specimens with the Rockwell Superficial hardness tester. 


Lool. 


€ 
] 
Cl 


Il. MATERIAL 


The steel investigated was repre: entative of that used for rotary- 
press printing plates by the Bureau of Engraving and Printing, wit! 
respect to both composition and microstructure. The significant con- 
stituents, other than iron, determined by chemica! analysis were a 


follows: 
Constituent Percentage 


Carbon ; 3 
Manganese : ; . 48 
PI osphorus " - . 04 
Sulfur_- ; = . 04 
Silicon __ eer. .20 | 


These plates are hot-rolled and then annealed, and in this conditi I 
- metal at, and in, the immediate vicinity of the surfaces usually ': 
early free of carbon. In preparing the plates for engraving 4 
transferring, the decarburized layer is completely removed from thi 
side used for transfer purposes by grinding. However, this precat- 
tion is not required in finishing ‘the other side of the plates. 
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ad ae 


of specimens of annealed 0.54-percent-carbon 


each case ina 


whie h is 


observed in 
the trace of 


RE 1.—Characteristic: structure 
el as initially surface-finished by different methods, 
On per pe nde ular to the sSurlace under conside ration, 
tted hy line ti. 

iver adjacent to transferring surface of plate finished by metallographic pol 
idepth of 0.01 to 0.02inch, Surface finished by metallographic polishing rh 
ice layer of the underside of transfer intaglio printing plates , Surface layer 
finished by butting. l {jacent to transferring surfac 


gy. h, Decar 

characteristic 
went to tran 

( d, Surface layer adj: f plate, finished 

wes (indicated by trace ry) of the polished specimens compared with 

specimens buffed and ground, and d a,c, and 4 sh microstructural 

ties of the metal adjacent to the tes : | the specimens 


n l-percent nital Magnification, & 500 


face of plate 
} 


i a and wert 
respectively (¢ 
t surface trace 
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typical microstructures of the metal near the surface on the two sides 
a transfer plate are shown in figure 1 (a and 6, respectively). 

The parent test bars used in this study were cut from a single plate 
| to the dimensions 446 by 1 by ! 


\f 


’ inch thick. Each of these 
st bars prior to cold-rolling was surface-finished by one of three 
ifferent methods, as follows: 
|. Wet-grinding with a soft alundum abrasive wheel, No. 46 
rain, vitrified bond; maximum depth of roughing cuts 0.0005 inch, 
nishing cut 0.0001 inch. 
9 Surface-grinding * with a soft wheel and then buffed on a seg- 
mented leather “knee” wheel charged with chromic oxide, 
Wet-grinding as in 1 above, two stages on the tin-lead laps, first 
ith No. 302 abrasive and then with No. 303! abrasive, and final 
lishing on velvet charged with a paste of optical rouge in water. 
[he surface of the plate studied in most cases corresponded to the 
le of the plate which was free of the decarburized layer. However, 
tallographic examination fenquentiy has revealed large areas of 
free ferrite at the transfer surfaces of plates, attributable to various 
es. In order to study the effect of rolling on this type of struc- 
the decarburized side of a series of specimens was polished by 
thod 3, as described above. 


III. METHOD OF TEST 
1, ROLLING TREATMENTS 


the cold-rolling was done on a two-high rolling mill, power- 
equipped with hardened steel rolls having a diameter of 5 
The specimens were reduced approximately 0.0005 in. in 

kness for each pass. 
A specimen three-fourths of an inch long was cut from each test 
as initially surface-finishe , and used for hardness tests of the 
eel in the pre rolled condition. The remainder of each bar (about 
by 1 by \% inch thick) was cold-rolled to 1-percent reduction in 
thickness. A coupon approximately 144 inch in length was then cut 
from each bar and peserved joel hi raness tests. Piece a of 


2 and 


2. INDENTATION HARDNESS TESTS 


Hardness tests were made with both the Knoop indenter, used with 


the apparatus described in a previous publication [2], and t 


1e Rock- 
well Superficial hardness tester. The usefulness of the elongated 
pyramidal-diamond (Knoop) indenter for determining hardness 
zradients in the surface layer of steel was discussed in the above- 
nentioned publication [2]. Since preliminary tests suggested rae 
the hardness gradient might be confined to a thin layer immediat 
below the surface, corre spondingly shallow indentations were requir d 
to re veal significant changes in hardness in this layer. The smallest 
oad which could be used on the indenter with accurac y, for the ap- 
paratus employed, was 50 grams. 
Indentation tests with 50-, 100-, 200-, 500-, 1,000-, and 2,000-gram 
ads on the indenter were made on the finished surface of each speci- 


LT 
" Kepresentative of the finishing treatment applied by the manufacturer of transfer plate used for tl 


| 
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men. The time of contact of the indenter with the specimen in mak. 
ing a test was 20 seconds. All indentations were made so that thy 
long axis was nearly parallel to the direction of rolling and to th 
scratch marks on the specimens formed during the initial surface. 
finishing. 


IV. RESULTS AND DISCUSSION 


The results of the Knoop indentation tests, determined with differen; 
loads on the indenter for each of the specimens before and after ro). 
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PERCENT REDUCTION COLD ROLLED 
FicurE 2.—Influence of cold-rolling on the surface indentation hardness values 

(Knoop indenter) of annealed 0.34-percent-carbon steel, initially finished by metal- 

lographic polishing. 

The loads on the indenter (in grams) for the respective curves were as follows: A, 50; B, 100; C, % 
D, 500; E, 1,000; F, 2,000. 
ing, are listed in table 1. These data, graphically presented in figures 
2 to 5, show the average hardness changes with each load, which 
occurred during the progressive stage of rolling. In this manner, thi 
effect of rolling on the hardness of layers differing in thickness can b 
shown. The curves (A, B, and C, figs. 2 to 5) show in most cases 
that the hardness numbers determined with the 50-, 100-, and 200- 
gram loads on the specimens after cold-rolling to 1- and 2-percent 
reductions were significantly less than they were prior to rolling 
However, these same curves in general show a progressive increast 
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in hardness for reductions greater than 2 percent. This indicates 
that there was a decrease in hardness during the initial stages of cold- 
rolling, followed by an increase on further rolling for layers pene- 
trated by the indenter with loads of 50, 100, and 200 grams. 

The Knoop hardness numbers obtained with the relatively heavy 
loads (2,000, 1,000, and in some cases 500 grams, curves D, EF, and F, 
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PERCENT REDUCTION (COLD ROLLED) 


FiaurE 3.—Influence of cold-rolling on the surface indentation hardness values 
Knoop indenter) of annealed 0.34-percent-carbon steel, initially finished by metal- 
lographic polishing. 
The test specimens in this case had a decarburized surface layer 0.01 to 0.02 inch in depth. 


The loads on the indenter (in grams) for the respective curves were as follows: A, 50; B, 100; C, 200; 
D, 500; E, 1,000; F, 2,000. 


figs. 2 to 5) show no indication of hardness decreases at any of the 
stages of cold-rolling. These results are in accord with those obtained 
on the same specimens with the Rockwell Superficial tester (15-kilo- 
gram load, \%e¢-inch steel ball; fig. 6). These data indicate that the 
indentation numbers obtained under these conditions of test were 
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not app! reciably influenced by the hardness of the outermost portion 


he surface layer (penetrated with the 50-, 100-, and 200-gram loads). 


Average indentation hardness (Knoop and Rockwell Superficial) numb 
4-percent-carbon steel specimens (1) as initially surface-finished and (9 
f Id ] differ rent deg "ees 


Indentation hardness number 


Knoop indenters 


Test Load, grains 


| - j 
200 | 500 | 1,000 | 2,000 


value is the average of 25 to 60 determinations. 
ilue is the average of 10 to 15 det erminations. 


hip of indenting load to depth of penetration below the surface 
'-percent-carbon steel plate in the moderately rolled and prerolled 


Ap} roximate average 
depth of penetration | 
of the indenter, upper | 
and lower limits ® | 


In units _of 10-5 inch 
7to9 
10 to 13 
15 to 18 
25 to 29 
36 to 41 
53 to 58 


® These values are the limitir 18 computed depths of indentations obtained on specimens initially surface- 
finished by & ree diffe ere nt meth (grinding, buffing, and metallographic polishing) and on companion 
specimens reduced it ness ce 2, and 4 percent by cold-rolling. 


The depth of the indentations which indicated “softening” of the 
surface metal during cold-rolling can be calculated, since the depth 
of the Knoop indentation is linearly related to the length of its long 
axis (ratio 1:30). The average values for the limiting depth of pene- 
trat tion for the specimens tested, before and after rolling, are listed 

with the corresponding test load in table 2. A correlation of these 
values with the Knoop hardness data (table 1) for each load condition 
suggests that the depth of the metal which significantly decreased 1 in 
hardness (penetrated with 50, 100, 200, and in some cases 500 grams) 
during cold-rolling was less than 0.0003 inch. 
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Although the trends of the results (Knoop tests) were the same for 
-he surfaces investigated, it is noteworthy that the hardness decreases 
appear more pronounced for the polished specimens than for those 
which were buffed and ground. An apparent cause for this difference 
i; suggested by the difference of the microstructures of the surface 
laver of the specimens (fig. 1), which show evidence of cold work 
(darkened edge) for the buffed and ground specimens but not for the 
polished ones. The work of Wulff [9] suggests that the layer of dis- 
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PERCENT REDUCTION (COLD ROLLED) 
FicurE 4.—Influence of cold-rolling on the surface indentation hardness values 
(Knoop indenter) of annealed 0.34-percent-carbon steel, initially finished by 
buffing. 


The loads on the indenter (in grams) for the respective curves were as follows: A, 50; B, 100; C, 200; 
D, 500; E, 1,000; F, 2,000. 


turbed metal due to metallographic polishing is very thin (less than 
0.00003 inch). However, Thomassen and McCutcheon [11] have 
shown that the disturbance produced in metal during the preparation 
of specimens preliminary to polishing (see surfacing treatment No. 3) 
is not completely removed by a single polishing treatment such as 
used in the present study. ‘This condition, although not detectable 
in the micrographs (fig. 1, @ and 6), probably is sufficient to obscure 
variations expected from very thin layers of disturbed metal developed 
463607—42-—5 
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by polishing only. Therefore, the distinctive microstructural featyy 
of the surface layer of the specimens finished by different means, djs. 
closed in figure 1, may not be conclusive as an explanation for the 
hardness differences noted. Another factor which may have had a 
bearing on these results is the geometric characteristics of the surfge, 
which differed for the specimens finished by the different methods 
(See profiles, fig. 1.) The significance of this factor with respect to 
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PERCENT REDUCTION (COLD ROLLED) 
FiGuRE 5.—Influence of cold-rolling on the surface indentation hardness values 
(Knoop indenter) of annealed 0.34-percent-carbon steel, initially finished | 
grinding. 


The loads on the indenter (in grams) for the respective curves were as follows: A, 50; B, 100; C, 
D, 500; E, 1,000; F, 2,000. 


an 


its influence on the depth of penetration of the Knoop indenter has 
been discussed in a previous publication [1]. 

The present investigation has not advanced sufficiently to warrant 
an explanation of the underlying cause of the reversals observed. 
However, the work of Wood [12] and McAdam and Mebs [13] may be 
significant in this connection. Wood demonstrated that continuous 
rolling of metals, particularly of copper, causes an increase in diameter 
of their X-ray diffraction rings to a maximum, following which there 
is a diminution to a minimum, the two processes alternating on further 
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eold-working. He concluded that the progressive expansion of the 
lattice accompanying cold work was indicative of cumulative internal 
stress and that the contraction was associated with the relief of such 
stress. McAdam and Mebs have shown in certain cases evidence of 
‘he relief of internal stress in severely cold-worked steel after the 
application of tensile stresses producing slight plastic extensions 
)}001- to 0.003-percent permanent set). The results cited suggest 
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PERCENT REDUCTION (COLD ROLLED) 


licurE 6.—Influence of cold-rolling on the surface indentation hardness values of 


the test specimens described in the lengends of figures 2 to 5, as determined with 

the Rockwell Superficial hardness tester, 46-inch ball indenter, 15-kilogram load. 

lhe initial surface finishes for the respective curves were as follows: A, polished (surface layer decar- 
burized); B, polished; C, buffed; D, ground. 





ihe possibility of stress relief induced by the cold-rolling treatments 
is a significant factor in causing the hardness reversals observed. 
This presupposes that the surface layer was internally stressed during 
the polishing, buffing, or grinding treatment. It appears reasonable 
to assume that such was the case, since it is well known that the 
suface layer of a metal during mechanical finishing is severely 
stressed to accomplish the plastic flowing and removing of surface 
metal characteristic of these treatments. 

The possible annealing effect on the surface layer by the heat 
generated during rolling should be considered in any theory advanced 
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to explain the fundamental cause of the results obtained. However 

this does not propose that such factor is independent of the suggestej 
stress-relief effects which may be a manifestation of annealing y. 

actions. A wholly satisfactory explanation of the phenomeno, 
observed will require further study. 


V. SUMMARY 


A study was made to determine the influence of cold-rolling ¢ 
i hardness properties of the surface layer of annealed 0.34-percey 
carbon steel plate, initially surface- -finished by three different methods 
grinding, buffing, and metallographic polishing. The test eorhe 
of the specimens used for most of the work was essentially free of sy). 
face decarburization. However, the metal adjacent to the correspo; 
ing surface of one series of specimens tested was decarburized 1 
depth of 0.01 to 0.02 inch. 

2. Hardness tests were made on the specimens before and after rol]. 
ing, with an elongated pyramidal-diamond (Knoop) indenter und 
loads of 50, 100, 200, 500, 1,000 and 2,000 grams, respec tively. Hard- 
ness tests also were made on the same specimens with the Roel ‘kwel 
Superficial hardness tester, by using a 15-kilogram load on a \,-in¢l 
ste el- ball indenter. 

The experimental data show that the Knoop hardness number 
of in surface layer of the steel, distinguished from the underlying 
metal, was lower after cold-rolling reductions of 1 and 2 percent thai 
it was prior to rolling. 

4. Within the limitations of the tests, the results suggested that 
the most significant hardness decreases which accompanied the lighter 
degrees of rolling (1- and 2-percent reductions) occurred in a layer 
less than 0.0003 inch in thickness. 

The results obtained with the Rockwell Superficial tester i 
no case revealed a lower indentation hardness for the specimens afte: 
cold-rolling than was obtained prior to rolling. In this respect ! 
results obtained with the Knoop indenter under loads of 1,000 grams 
(1 kilogram) and 2,000 grams (2 kilograms), respectively, wer 
comparable. 

The test data suggest that the indentation hardness of the surface 
layer of the steel in the prerolled and rolled conditions was influence 
by the nature of the initial surface-finishing treatment. 
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NOTE ON FLEXURAL FATIGUE OF TEXTILES 
By Herbert F. Schiefer and Paul M. Boyland 


ABSTRACT 


Results are given which indicate that the ability of a textile fabric to withstand 
repeated flexing depends upon the structure of the fabric, the position and struc- 
ture of the yarn in the fabric, and the kind of fiber from which the fabric is made. 


CONTENTS 
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I]. Testing procedure 
III. Results 


I. INTRODUCTION 

Textile fabrics are complex structures composed of many fibers 
arranged in more or less definite patterns according to the distribution 
of the fibers in the yarns and of the yarns in the fabric. The ability 
ofafabric towithstand repeated flexing depends not only on the properties 
of the fibers but also on the structure of the yarn and of the fabric. 
This dependence was brought out in some experiments on the folding 
endurance of certain fabrics, the results of which are discussed briefly 
in this note. 

II. TESTING PROCEDURE 

Specimens of a fabric were ravelled to 15 mm. in width. Some of 
these specimens were tested for breaking strength and elongation. 
The remaining specimens were flexed in an M.I.T. folding tester ' under 
a tension of 1.5 kg. The specimens were folded through 135°, alter- 
nately toward one face and then toward the other at the rate of 200 
double folds per minute. The nominal radius of curvature of the 
edges of the jaws is 0.38 mm. The flexing tests were discontinued 
after a certain predetermined number of double folds, and the flexed 
specimens were then tested for breaking strength and elongation. 
The percentage decreases in breaking strength and in elongation of the 
flexed specimens, based upon the original breaking strength and elonga- 
tion, were computed. Some of the flexed specimens were photographed 
before they were tested for strength to show the position of the failures 
of the fibers and of the yarns in relation to the fabric structure. For 
this purpose the specimen was folded through 180° and placed between 
two microscope glass slides with the edge of the folded specimen coin- 
ciding with the line of folding in the flexing test. 


III. RESULTS 
Repeatedly flexed specimens are shown in figures 1 and 2. It is 
clear from these photographs that the fibers which have failed occur 


ee 


'L. W. Snyder and F. T. Carson, A study of the M.I.T. paper folding tester, Paper Trade J. 96, TS276 


(June 1, 1933) 
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in alternate yarns. The positions of the failures of fibers in alterna; 
yarns are attributable to the fabric structure and can be explaine, 
with the schematic drawings of a fabric in figure 3. The top view of 
the fabric is given at a. Sectional views through BB and CQ, respec. 
tively, are represented by } and c; 6’ and c’ represent these sam; 
sections when the fabric is folded upon itself, B to B and © to , 
with the upper surface inside; b’’ and c’’ represent the sections whe; 
the fabric is folded with the lower surface inside. It can be seo; 
from these figures that the radius of curvature of the yarns desig. 
nated B is very much larger than in 6’ than in 6’’. The opposite \ 
true for the yarns designated C. The bending stress due to folding 
a given yarn will increase with the increase in the curvature of the 
fold. The maximum stress of the B yarns is obtained when the fabric 
is folded as in b’’, and the maximum stress of the C yarns is obtaine 
when the fabric is folded as in c’. If these foldings are repeated, as jy 
flexural-fatigue tests, it is apparent that the B yarns will begin to {aij 
(rupture) at z, and the C yarns will begin to fail at y. The z failures 
will occur in alternate yarns on one side of the fabric, and y failure; 
will occur in the other set of alternate yarns on the other side. This 
is what is shown in figures 1 and 2, and the position of the failures of 
the fibers in the alternate yarns of the fabrics is entirely attributable 
to the differences in stress and strain which arise from the fabric 
structure. Specimen A of figure 1, which was inserted in the folding 
tester at a slight angle, is of special interest. It shows that the fail- 
ures of the warp yarns change from one set of alternate yarns to the 
other set at the position marked P. This position corresponds to the 
place where the bending of the warp yarns over one filling yam 
changes to bending over an adjacent filling yarn. 

It is also clear in the photographs in figures 1 and 2 that some of 
the fibers have been broken by repeated folding. The percentage 
decrease in breaking strength and in elongation due to folding is 
given in table 1. It is seen to depend upon the number of double 
folds and upon the kind of fiber. The large percentage decrease for 
the fabrics made from acetate rayon, fortisan, and silk compared to 
no decrease for the fabrics made from viscose rayon, nylon, and cotton 
is outstanding. This difference cannot be attributed to a change in 
weave or fabric structure. It js more likely that structural differences 
of the yarns and of the fibers in a yarn account for this large difference. 

The short cotton fibers in a yarn are freer to move relative to one 
another when the fabric is flexed. Hence the fibers would be strained 
less when the yarn is bent to a given radius of curvature. This would 
result in an increase in folding endurance of cotton fabrics. 

As the freedom of movement of the fibers in a yarn relative to each 
other is restricted the yarn approaches the properties of a homogeneous 
beam and the extreme fiber strains for bending to a radius RF increases 
from the value 7,/R, where r; is the radius of the fiber, to r2/R, where 
r2 is the radius of the yarn. The extreme fiber stresses would increase 
correspondingly. Similarly, restriction of the movement of the yarns 
in a fabric relative to each other would increase the extreme fiber 
stresses corresponding to a given curvature of the fold. The extreme 
fiber strain for bending a fabric would approach the value of 7,/f, 
where 7; is one-half the thickness of the fabric. 
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Test specimens showing that the failures of fibers caused by flexural 
fatigue occur in alternate yarns. 


in, Warp, 10,000 double folds; B, Fortisan, warp, 8,000 double folds; C, Fortisan, filling, 5,000 double 
folds Magnification X14 
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Figure 2.—Test specimens showing that the failures of fibers caused by flex 
fatigue occur in alternate yarns. 


A, cotton, filling, 10,000 double folds; B, viscose rayon, filling, 10,000 double folds; C, acetate rayon, \ 
1,500 double folds; D, silk, filling, 10,000 double folds. Magnification «14. 
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Flexural Fatique of Textiles 


Decrease in the breaking strength and elongation of fabrics by repeated 
folding 


Decrease in— 
Number of j 
| : a } 
double folds | Breaking Elonga- 
strength tion 


Material 


Percent Percent 
1, 000 13 3 
1, 500 
1,700 | 
2, 000 


, 000 | 

5, 000 | 

8, 000 
, 000 | 
, 000 | 
, OOO 


5, 000 
, 000 
5, 000 
, 000 
000 | 


, 000 
, 000 


000 | 
50, 000 
l 0, 000 

rtisan 
Warp : 2, 000 
000 
Filling . 2' 000 
, 000 

rtisan, rubber-coated: 

Warp 2, 000 
000 
Filling a 2, 000 
, 000 





in, neoprene-coated: 
Warp = | 2, 000 
| 3, 000 | 
Filling 2, 000 
5, 000 


* Elongation was not measured. 


It follows that restriction of movement of fibers and of yarns in a 
fabric should decrease the folding endurance. This effect is shown by 
the data in table 1 for the rubber and neoprene coatings on a fortisan 
fabric. The particular neoprene coating greatly increased the 
stiffness of the fabric, and hence restricted the movement of the fibers 
and yarns during folding very much more than the rubber coating. 
The effect of the greater restriction of the movement of the fibers and 
yarns by the neoprene coating on the folding endurance is clearly 
indicated. 

Similarly, differences in the freedom of movement of the structural 
units within fibers, which may result from chemical or mechanical 
treatment of the fibers, would affect the folding endurance of the 
fibers and also of the yarns and fabrics made from them. 

Textile materials are frequently folded to a degree for which the 
computed value of r/R, the extreme fiber strain, exceeds 0.25. For 
this value of r/R, which corresponds to an elongation of 25 percent, 
the elastic limit of some textile fibers is exceeded and permanent 
deformation or creasing results. 


Wasninaton, May 8, 1942. 
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ELASTICITY OF WOOL AS RELATED TO ITS CHEMICAL 
STRUCTURE 


By Milton Harris, Louis R. Mizell, and Lyman Fourt ! 


ABSTRACT 


Wool protein, like other fibrous proteins, is composed of long, flexible molecular 
‘hains. ‘This flexibility appears to be the basis of the “long-range’’ elasticity of 
woo! fibers. The wool fiber is distinguished from other textile fibers by the 
presence of covalent disulfide cross-links between these main chains. Rupture 
f these links by chemical means decreases the strength of the fiber without 
necessarily affecting the elastic recovery. Rebuilding the covalent linkages 
largely restores the original properties of the fiber. 

Wool appears to be analogous to rubber in several respects. Thus the stress- 
strain, solubility, and swelling characteristics are greatly influenced by the extent 
f cross-linking in the two materials. 
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I. INTRODUCTION 


The earlier efforts of those engaged in research on textile fibers, 
and more especially the regenerated or synthetic fibers, were prin- 
cipally devoted to increasing their strengths. It is a matter of history 
that the first regenerated fibers were so weak, especially in the wet 
state, that they were considered by many to be a passing fad. The 
progress that has been made in the interim is well known; the strengths 
of many of these fibers have been increased to the point where they 
exceed the demands of many of the purposes for which they are now 
used, 

This progress has resulted from numerous investigations, and in 
this connection, the early observations by Scherrer [1]? and by 
Herzog and Jancke [2] on ramie, and later by Meyer and Mark [3], 
Astbury and his collaborators [4], and others, that the fibers show a 
predominant, preferred orientation, in which the molecules are alined 
more or less parallel to the axis of the fiber, were extremely helpful. 
The results of these investigations lead to the concept that fibrous 
materials, in spite of their lack of homogeneity and their high mole- 


' Research Associates at the National Bureau of Standards, representing the Textile Foundation. 
‘ Figures in brackets indicate the literature references at the end of this paper. 
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cular weights, are not necessarily amorphous but show a definit, 
crystallizing tendency, in that portions of the fiber apparently consis, 
of ec ompact bundles of long-chain molecules in a parallel arrangement 
On the basis of this concept, it has been possible to explain many facts 
concerning the structure and strength of high-polymers in generg 

and of the fibers in particular. For example, for a given fiber it has 
been frequently shown that the strength is directly related to th, 
degree of orientation; that is, the more highly oriented the ¢ rystallites 
of the fiber the higher the strength. While it is recognized that other 

factors, such as molecular chain length and the nature of the intoey- 
molecular forces, also have a profound influence on the strength of 
fibers, it can be shown that in a general way the strengths of entirely 
different classes of fibers are comparable on the same basis. Th; 
data in table 1 illustrate this point. »;, , 


TABLE 1.—Comparison of different classes of fibers 


Fiber Relative degree of “crystallinity” | Breaking strenctt 


lb.Jina 
Flax | Very high Up to 156.00 
Ramie | do | 129,000 to 135.00 
Nylon High 72,500 to 100, 000 
Cotton Medium ab 40,000 to 111,00 
Rayons ! Low to high | 22,000 to 110,00 
Silk ‘ Medium : | 46,000 to 74,00 
Wool. : Low..-... 17,000 to 25,00 


Value depends on degree to which the rayon is oriented during manufacture. 


Having achieved considerable success with respect to the produc- 
tion of fibers of high strength, many investigators have shifted their 
attention to the problem of trying to improve other mechanical 
properties of fibers. It appears that part of this trend has arisen 
from attempts to obtain fibers having “wool-like” qualities or proper- 
ties. In view of this, it is pertinent to inquire into some of the prop- 
erties which make wool different from other textile fibers. From 
the industrial point of view, the principal difference is found in the 
long-range elasticity of wool fibers; that is, their ability to recover 
from deformations of magnitudes considerably greater than those 
permitted by other types of fibers. The concept of orientation was 
effectively utilized in increasing the strength of the fiber, but, un- 
fortunately, orientation is not directly correlated with long-range 
sage and, accordingly, the understanding of this unique mechan- 

cal property ‘of wool must be sought in some other feature of its 
wen cular structure. It is the purpose of this paper to examine certain 
aspects of the molecular structure from the point of view of their 
relations to long-range elasticity as well as to strength. 


II. MOLECULAR STRUCTURE OF WOOL 


Wool is composed principally of protein substance and, accordingly, 
it appears appropriate at this time to consider the fac tors which m: 
influence the mechanical properties of fibrous proteins in general me 
wool in particular. 
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Proteins are poly-condensation products in which the different 
amino acids are linked together to form the polypeptide chain, shown 
in the following scheme: 


R R 


The mechanical properties of such chains can be considered, 
ceneral, to depend on the following four factors. 

1. They exhibit great flexibility. This enables the protein molecule 
to assume a great number of possible configurations which could be 
either of the folded or spiral type. The importance of this molecular 
(exibility was first recognized by Astbury and Woods, who in their 
earlier work on wool [5] preferred a rather specific type of fold for the 
_ ules of the fiber in the unstretched state, which they referred to 
as the a-keratin configuration. The long-range extensibility of wool 
was ascribed to the opening of these folds into the more nearly straight 
hain configuration known as the B-keratin form. The original 
a-keratin configuration has been shown to be untenable by Neurath 
(j], and a new type of fold has now been proposed by Astbury and 
Bell [7]. Such structures have been suggested on the basis of the 
X-ray data, and should accordingly be found principally in the “‘erys- 
talline’ regions of the fiber. Since, as also is indicated by the 
X-ray diffraction patterns, these regions account for only a relatively 
small proportion of the total wool fiber, it appears that one may assume 
:more or less random type of folding i in the ' ‘amorphous’ regions which 
make up the bu Ik of the fiber. That a variety of configurations can 
exist is readily demonstrable by the construction of molecular scale 
models of polypeptide chains [8]. In considering the mechanical 
properties of wool, it seems therefore that more attention should be 
directed to the less organized regions of the fiber than has heretofore 
been done. It would be expected, for example, that the extension 
process might manifest itself to a greater extent in the amorphous 
rather than in the erystalline regions, and that the increase in 
crystallinity obtained on stretching a fiber may result from orientation 
of the unoriented regions as well as from changes in the already oriented 
portions of the fiber. 

They possess a large number of the highly polar peptide link- 
ages Which can give rise to inter- and intra-molecular hydrogen bond- 
ing. While these bonds contribute much toward increasing the 
strength of the fiber, such close spacings of these groups along the 
molecular chain would be detrimental to other desirable fiber prop- 
erties, were it not for another factor discussed in the following section. 
Carothers and Hill [9] have demonstrated that a preponderance of 
polar groups in synthetic materials renders linear polymers non- 
lexible and brittle. 

. They contain relatively large side chains (R groups in the 
scheme of the polypeptide ch: tin) which prevent close packing of 
the prote in molecules and thus decrease the extent to which hydrogen 
bonding can occur. In wool, nearly all of the constituent amino 
icids are of the type having large side chains, as shown by the data in 
table2. From these data it can be estimated that close to 50 percent 
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of the weight of wool is in the side chains. Close packing of moleculg; 
chains composed of such amino acids would indeed be difficult and 
intermolecular hydrogen bonding would be minimized. It would 
accordingly be expected that wool fibers would exhibit relatively ]o, 
tensile strengths, an expectation which is borne out by experimey 
(table 1). It should be pointed out, however, that wool fibers would 
exhibit even lower tensile strengths were it not for the presence of 
covalent cross-links (discussed in the following section) between th, 
molecular chains. 


TABLE 2.—Amino-acid composition of wool 


' | Grams of 
= ; ; 
resent in | residue per 
7 Reference | 
wool 100 grams of | ran 
| | wool of wool 


Amino acid 


Percent | Groms 
Glycine | 6.5 > | 
Alanine 4.4 31,32] | 
Serine } 9. 41 38 
Proline j 6.75 
Valine 


Threonine 
Cystine/2 
Leucine isomers 
Aspartic acid 
Lysine 





Glutamic acid 
Methionine 
Histidine 
Hydroxylysine 
Phenylalanine 





Arginine 
Tyrosine 
Tryptophane } ; . 64 


Total | 94. 80 
Ammonia N | 1 —. 30 


Total, corrected for ammonia N | 94. 50 











*® Based on 3.55 percent total sulfur, subtracting methionine sulfur. 


They exhibit association forces other than those contributed by 
hydrogen bonds. These may arise from various sources, but in the 
present discussion only those contributed by the amino acid cystine, 
which is found in unusually large amount in wool and other mammal- 
ian hair fibers, will be considered. Cystine, as first suggested by 
Astbury and Street [10], is responsible for a considerable amount of 
covalent cross-linking in the fiber. More recently, new chemical 
evidence [11] has been offered which supports the original conclusion 
of Astbury and Street. Wool may thus be considered a network of 
polypeptide chains linked together by the disulfide groups of the 
amino acid, cystine. Such a concept suggests that the role of cystine 
in wool must be an important one, and indeed it has been shown that 
many of the chemical, physical, and biological properties of wool pro- 
tein [12] are dependent on the presence of these cross-links. The 
importance of these cross-links becomes even more apparent in the 
subsequent discussion in this paper concerning the experimental 
alteration or rupture of these links. 





Elasticity of Wool 
III. EXPERIMENTAL PROCEDURES 


1. PREPARATION OF CHEMICALLY MODIFIED WOOLS 


The wool fibers used in the present study were a portion of a lot 
used in previous investigations in this laboratory and had been sub- 
jected to no chemical or mechanical treatment other than successive 
extraction with alcohol and ether followed by washing with water at 
40° C [13]. 

The preparation of chemically modified wools in which the mode of 
linkage of the sulfur has been altered, without visibly affecting the 
fiber structure, has previously been described in detail [11]. The 
methods involve the reduction of wool with thioglycolic acid solution, 
followed by treatment of the reduced product with an alkyl halide. 
The reactions appear to affect only the disulfide groups of the cystine 
in wool and may be represented by the following equations: 


W—S—S—W-+2HS— CH,— COOH—>2W —SH+ (S—CH:—COOH), (1) 
W—SH+RX—W-—-SR+HX 2) 
2W —SH + (CH2)nX.—> W — S— (CH2)n—S—W+2HX, (8) 


where W represents the portions of the wool connected by the disul- 
fide groups, R represents an alkyl group, and X, a halogen atom. 
Reactions 1 and 2 result in a permanent rupture of covalent cross 
linkages. Reactions 1 and 3 result in the formation of new cross- 
links in which the sulfur atoms of the cystine are connected by short 
hydrocarbon chains. 


2. DETERMINATION OF ELASTICITY 


Measurements of the elastic properties were made on individual 
fibers by a modification of the method described earlier [13]. In 
this method the 30-percent index is the energy required to stretch a 
fiber to 30-percent elongation after a treatment, divided by the 
similar energy requirement prior to the treatment. This index is 
based on Speakman’s demonstration that wool fibers can be elon- 
gated 30 percent without permanent deformation or weakening [14], 
if the duration of the strain is short. In the former investigations 
from this laboratory, however, the stress-strain characteristics of 
fibers were determined only during the extension process. In the 
present work, this procedure was modified so that measurements of 
the behavior of the fiber during its retraction could also be obtained. 

The interpretation of these experiments involves four considerations, 
of which the first is the fraction of the original covalent bonds which 
has been altered. This may be inferred from the change in the per- 
centage of cystine, which was determined by Sullivan’s method [15] 
as used in this laboratory [16]. The cystine content of the untreated 
wool was 12 percent, and in the modified wools varied downward to 
| percent or less. The second consideration is the resistance to 
extension, which can be conveniently referred to as strength. The 
third is the completeness of recovery in the unloading, or retraction, 
part of the stress-strain cycle. The fourth is the time function, 
which involves both the rate of change of stress and the effect of 
internal structure on viscosity. Experiments are now in progress to 
analyze these kinetic relations more directly. 
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IV. ELASTIC BEHAVIOR OF WOOL AND CHEMICALLy 
MODIFIED WOOLS 


Figure 1 shows the behavior of a typical wool fiber during two 
successive stress-strain determinations. The fiber was allowed to 
relax for approximately 24 hours between the first and second exten. 
sions. ,It is noteworthy that the entire stress-strain cycle is repro- 
ducible. This fact makes it possible to compare the stress-strain 
characteristics of a particular fiber in retraction as well as in exten. 
sion, before and after a modification of its chemical structure. 
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Figure 1.—Typical untreated wool fiber during two stress-strain cycles, separated 
by 24 hours. 
30-percent index =0.99. 

When the cross-linkages have been permanently ruptured by the 
reduction process, followed by alkylation of the sulfhydryl groups 
with an alkyl monohalide of low molecular weight, such as methy! 
iodide or ethyl bromide, the resistance to extension is greatly altered, 
as shown in figure 2. Much less energy is required to elongate the 
fiber after the cross-links have been split, the 30-percent index drop- 
ping to the low value of 0.26. In this material the S-shaped curve, 
characteristic of the original wool fiber and of other highly elastic 
materials, is not observed in extensions to only 30 percent, but can 
be demonstrated in experiments involving higher extensions. The 
whole scale of the relations of stress to strain has been shifted toward 
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oreater extensions for smaller forces. It should be added that the 
recovery from 30-percent extension to the original length is complete 
and rapid. 

Af, after reduction, the cross-links are largely rebuilt by reoxidation 

the sulfhydryl groups to the disulfide form, the wool recovers to a 
ao extent its original properties, as shown in figure 3. The small 
discrepancy may arise either from the possibility that reoxidation 
has not been complete or that a few SH groups had reacted, during 
the reoxidation, with sulfhydryl groups other than those with whic h 
they were combined in the or iginal fiber. 

Alkylation of the reduced ‘wool with an alkyl dihalide, such as 


methyle ne bromide or trimethylene bromide, results in the re-forma- 
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Figure 2.—Effect on the stress-strain cycle of opening 5/6ths of the cross-linkages 
by reduction and alkylation with methyl codide. 


30-percent index =0.26, 


tion of cross-linkages, but in this case, the disulfide linkage has been 
replaced by a bis- thioether linkage of the type —S(CH,),5—. While 
the position of the stress-strain curve for the fiber after such treat- 
ment has been slightly shifted (fig. 4) from that of the original fiber, 
the shape of the curve and the recovery are very similar to those of 
the original fiber. A slight shift in the position of the curve is to be 
expected, since, obviously, the lengths of the cross-linkages have 
been increased and one would e xpect a slightly greater ease of extension 
of the fiber. 

Figure 5 shows the behavior of wool after reduction followed by 
alkylation with a large alkyl monohalide, benzy] chloride. Although 
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in this case the cov alent cross-linkages have been ruptured, the be. 
havior of the fiber is very different from that of one in whic -h covalen; 
linkages have been ruptured by reduction followed by alkylation 
with small alkyl monohalides such as methyl iodide or ethyl bromide 
As will be noted, the benzylated wool shows a considerably ereg 
resistance to extension than the methylated wool (compare fig. 2) 
After sufficient load has been applied, the extension curve rises steeply 





— 


O UNTREATED 
@ REDUCED & REOXIDIZED 


Oo 
oO 


nm 
oO 


= 
A 
Lu 
O 
oa 
uJ 
ee 
= 
_ 
oO 
= 
<a 
© 
= 
oO 
— 
uj 


fe) 


| 
/ 


§ 


J 2 Food 
C9 gee 
2 4 
LOAD IN GRAMS 


FicuRE 3.-—Effect on the stress-strain cycle of reduction of one-half of the cross- 
linkages, followed by rebuilding by oxidation with oxygen. 


30-percent index =0.96. 











% 


with respect to the load axis. The relations with respect to time 
cannot be presented completely in this type of experiment, but it can 
be stated that the rate of flow is less than that of methylated wool. 
On removal of the load there appears to be a great resistance to the 
contraction of the fiber to its original length. Whereas in the other 
experiments presented here the elastic recovery was rapid and nearly 
complete within 1 minute after the removal of the last unit of load, 
in this experiment with benzylated wool retraction required 3 hours 
to reach an equal degree of completeness. This is indicated by the 
dotted line in figure 5. The behavior is such as to suggest that while 
covalent cross-linkages have been broken, some interaction between 
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ihe polypeptide chains still exists. It may be that benzyl groupson 
adjacent sulfur atoms exhibit mutual interaction of a van der Waals 
type, or that thereis an attraction between benzyl groups and a portion 
of a neighboring polypeptide chain. At the point of maximum 
extension the benzyl groups appear to form new interactions which 
resist the tendency of the fiber to return to its original length. An 
alternative explanation could be that the large volume of the benzy] 
croup increases the energy of activation required for flow [17]. A 
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Figure 4.—Effect on the stress-strain cycle of rebuilding of 5/6ths of the cross- 
linkages as bis-thioethers by reduction and alkylation with trimethylene bromide. 


30-percent index =0.82. 


quantitative investigation of the effects of both the size of the sub- 
stituent and the temperature upon the flow is necessary for a more 
detailed explanation of these phenomena. 


V. ANALOGY BETWEEN WOOL AND RUBBER 


The results of the present investigation suggest that in many 
ways wool is quite analogous to rubber, and indeed in some respects 
med serve as a useful model for explaining certain properties of the 
atter. 

It appears that the long-range extensibilities of both rubber and 
wool depend on the fact that both have configurations which can be 
straightened out during the stretching process [18]. Both wool and 
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rubber are largely amorphous in the unstretched state although in this 
state the former appears to contain a somewhat higher proportion of 
a crystalline phase. As indicated by X-ray studies [19, 4], the amount 
of this phase is greaily increased during the process of stretching, 
Probably the most interesting analogy, however, is found in com. 
paring the properties of raw and v ule anized rubber with those of spe 
be fore and after the rupture of its disulfide groups. While it js 
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Ficure 5.—Effect on the stress-strain cycle of opening of 5/6ths of the cross-linkages 
by reduction and alkylation with benzyl chloride. 


30-percent index=0.65. The dotted line along the ordinate axis indicates a slow completion of the cycl 
by contraction at low stress. 


generally assumed that vulcanization of rubber involves a cross-link- 
ing process [21, 18], it appears that proof of the chemical structure 
of the cross-links is lacking. On the other hand, it now seems well 
established that in wool the disulfide groups of the amino acid cystine 
do form cross-links between molecular chains. Thus the difference 
in behavior of wools before and after rupturing these cross-links 
serves as a useful model for rubber, and indeed, as is seen in the follow- 
ing discussion, lends considerable support to the hypothesis of cross- 
linking in vulcanized rubber. 

A consideration of the chemistry of the wool fiber during the course 
of its production brings forth some additional points relative to this 


’ Astbury and Dickinson have suggested that keratin is a “‘vulcanized” protein [20]. 
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discussion. A growing wool fiber consists of a root and a shaft, the 
former being the living region situated beneath the surface of the 
-kin, whereas the latter is the nonliving portion extending above the 

surface. Examination of the root portion reveals that it is princi- 

pally a gelatinous prote in mass containing a relatively large amount 
of sulfhydryl groups [22]. In other words, it would appear that in 
the synthesis of wool, cysteine rather than cystine is synthesized into 
the polype ptide chains. The material in the root of the hair is in 
some ways comparable to rubber latex. When the hair cells die, 
oxidation presumably takes place, since the sulfhydryl groups are 
completely converted to disulfide groups. At this stage, the soft, 
cbsatic material of the root becomes the tough, elastic wool fiber. 
This, in a sense, can be considered to be analogous to the vulcanization 
proc 

The. solubility and swelling properties of both wool and rubber 
serve to emphasize the similarity in the physical structures of these 
iwo materials. Untreated wool fibers we appreciably in a variety 
of aqueous solutions but are definitely insoluble in the usual protein 
wt nts. Rupture of the disulfide cross-links yields a product which 
is readily soluble, for example in alkaline solutions, but the original 
insolubility is restored after re-formation of these links [11]. Simi- 
larly, it can be shown that whereas unvuleanized rubber is soluble in 
a variety of organic solvents, vulcanization renders the material in- 
soluble in the same solvents. With unvuleanized rubber, it is possible 
to form a clear solution of the rubber in asolvent, but the vuleanized 
rubber appears only to swell and form a gel-like structure [23]. 

Since, in the absence of imposed strain, neither material exists in 
the fully extended form, there can be little close packing and accord- 
ingly there will be relatively few points of interaction as compared 
with highly oriented materials such as the cellulose, silk, or nylon 
fibers. As would be expected, the tensile strengths, or, more gener- 
ally, the resistance to further extension, of such normally unortented 
materials is always low. Within the range from zero strength to 
these low maxima, however, resistance to extension is sensitively 
related to the frequency and intensity of molecular interactions. 
This is readily demonstrated by the stress-strain behavior of unvul- 
canized rubber, or of wool in which practically all of the disulfide cross- 
linkages have been ruptured. However, when rubber is vuleanized 
or the cross-links are introduced into reduced wool, similar changes 
in the mechanical properties of both materials are observed, as shown 
in figures 2 and 6. It is seen that with cross-linking the materials 
become stronger, and their moduli of elasticity become higher. In 
addition, they show lower extensibilities at break. Modified wool 
fibers in which most of the cross-linkages have been ruptured may be 
extended more than 100 percent when stretched in water, whereas 
untreated wool fibers can be extended only about 50 to 60 percent 
before breaking. A representative sample of unvulcanized rubber had 
an elongation of 1,200 percent at break whereas after vulcanization 
the elongation at break of a similar sample was only 700 percent [25]. 

There is, however, one principal difference between the two types 
of molecules. Rubber is practically entirely hydrocarbon and 
accordingly exhibits only low-order molecular cohesion or interactions 
whereas wool contains a large proportion of highly polar groups ca 
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pable of forming relatively strong molecular interactions. For this 
reason, the sensitivity of rubber to temperature is not shared by dry 
wool. On the other hand, the mechanical properties of the latter are 
greatly affected by moisture, which swells the protein and presumably 
decreases intermolecular cohesion. Thus it is found that the influence 
of heat on the mechanical behavior of rubber is very similar to th; 
influence of moisture on the behavior of wool. 
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Figure 6.—Stress-strain cycles of a sample of rubber before and after vulcanization 
Data from Hock and Bostroem [24]. 


VI. CONCLUSION 


These experiments and comparisons lead to a better understanding 
of the molecular basis of the elastic properties of wool. The long- 
range elastic characteristics are not dependent on the presence of 
crosslinks, but probably result from the ability of flexible chain mole- 
cules to contract from the less probable stretched state to a more 
random form. Meyer [26] and Mark [27] have reviewed the evidence 
for this view of the origin of long-range elasticity. The function of 
cross-links is to strengthen the materials and suppress plastic flow. 
The introduction of a higher proportion of cross-links would decrease 
the flexibility and reduce the range of elasticity, as illustrated by the 
properties of highly vulcanized rubber (ebonite). This analysis of the 
mechanical properties of these systems leads to the conclusion that a 
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soxtile fiber having desirable long-range elastic characteristics must 
consist of flexible chains reinforced with a proper balance of cross- 


9 influence of covalent chemical cross-linking on the properties 
of wool, rubber, and other high-polymer systems is now receiving 
onsiderable attention. As far as the authors are aware, wool is not 
nlv the first substance in which covalent cross-linking has been 
stablished, but also is the only one in which the cross-links can be 
titatively ruptured and rebuilt at will. It may thus serve as an 
ellent model for many other high-polymeric systems. 
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SPECIFIC HEAT OF THE SYNTHETIC RUBBER HYCAR 
O.R. FROM 15° TO 340° K 


By Norman Bekkedahl and Russell B. Scott 


ABSTRACT 


Measurements of specific heat were made on a sample of Hycar O.R. synthetic 
rubber from 15° to 340° K by means of an adiabatic vacuum-type calorimeter. 
The experimental values of the specific heat between 15° and 22° K were weil rep- 
resented by the Debye specific-heat equation, using a fv value of 80, and 
accordingly the values below 15° K were calculated with this equation. At about 
250° K the material has a transition of the second order, the specifie heat in- 
creasing by about 40 percent to a value of 1.84 Int. joules-gram~!.degree-! just 
above the transition. From 250° to 340° K the specific heat-temperature curve 
s nearly linear, and the values can be calculated to within 0.2 percent from the 
formula C,=0.002837'+ 1.126, in Int. joules-gram—!-degree-!. At 298.16° K 
25°C) the specific heat is 1.971 Int. joules-gram~!-degree-! (0.4712 calories. 
sram~!degree—!). The increase in entropy resulting from heating from 0° to 
298.16° K was calculated to be 1.7438 +0.002 Int. joules-gram~'!-degree~! 
0.4167 +0.0005 calories-gram~!-degree!). 
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I. INTRODUCTION 


The determination of the specific heat of Hycar O.R. (oil-resistant) 
synthetic rubber is a continuation of a program started some years 
ago at the National Bureau of Standards, the object of which is to 
furnish thermodynamic data on various types of rubber, both natural 
and synthetic, and the monomers from which they are polymerized. 
Such data have been obtained for unvuleanized natural rubber [4] ! 
and its monomer, isoprene [5], and the equilibrium relationship 
between the two has been studied [2]. In the present paper, specific 
heat measurements on synthetic rubber Hycar O.R. are described, 
and the increase in entropy from absolute zero to 25° C is calculated. 

It has been found very useful in previous work to correlate thermal 
measurements with volume measurements. Anomalies in the enthalpy- 


LT 
' Figures in brackets indicate the literature references at the end of this paper. 
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temperature relation or its derivative are found to be associated with 
similar changes in the volume-temperature relation or its derivative 
Measurements of the volume-temperature relation by means of a dila- 
tometer, therefore, furnish a relatively simple method of determining 
the location of transitions and a guide for thermal measurements. — 

Volumetric work on several samples of synthetic rubber has showy 
that they, as well as natural rubber, may undergo transitions [16 
Two types of transition are found. In first-order transitions, the 
fundamental properties, such as enthalpy, undergo large changes in q 
rather narrow temperature interval. Crystallization and fusion are 
first-order transitions. In second-order transitions, the derivatives of 
the fundamental properties, rather than the properties themselves 
undergo the large changes. The changes therefore manifest themselyos 
in the expansivity and in the specific heat, which are the derivatiyes 
of the fundamental quantities, volume and enthalpy. 

Natural rubber has been shown, both by thermal measurements [4 
and dilatometric measurements [3, 17] to exhibit both a first-order and 
a second-order transition. Many of the synthetic rubbers, however 
unlike natural rubber, show no evidence of crystallization or fusion 
Since the crystallization of a rubber-like substance may make the 
thermal investigation very complicated and time-consuming [6], j 
was thought advisable to make thermal measurements first on a syn- 
thetic rubber which does not crystallize. Volume measurements [16] 
with a mercury-filled dilatometer have failed to show any evidence 
of crystallization or fusion in Hycar O.R., and it was selected for thi 
first thermal studies. The volume measurements showed a second- 
order transition at 250° Kk. 


II. SAMPLE 


Hycar O.R., for samples of which we are indebted to the Hyecar 
Chemical Co. of Akron, Ohio, is an oil-resistant synthetic rub- 
ber which has been on the market since early in 1941. Its chemical 
composition has not yet been disclosed by the manufacturer, but it is 
reported to be a butadiene co-polymer, and to contain about 2 percent 
of phenyl-beta-naphthylamine as a stabilizer [1]. Some of the physical 
properties of the compounded Hycar are given by Garvey, Juve, and 
Sauser [8]. 

The density of a sample of unvulcanized Hycar O.R. was found to be 
0.999 gram per cubic centimeter at 25° C. An analysis of the material 
showed that it contained the following: 


Carbon 80. 1 
Hydrogen 9.3 
Nitrogen 10. 2 
Ash 0. 1 


Total etnies 99. 7 
Since practically the whole weight of the material, within experimental 
error, was accounted for in this manner, analytical determinations 10! 
other elements were not made. The carbon and the hydrogen were 





Specific Heat of Hycar O.R. 89 


determined by the usual combustion technique and the nitrogen by the 
Kjeldahl me ‘thod. 

Both the high nitrogen content and the oil-resistant properties of 
the polymer would lead to the conclusion that the co-monomer used 
with the butadiene might be acrylonitrile. Since information is lack- 
ing as to the possible presence of other ingredients, and in view of the 
known ease of hydrolysis ‘of nitriles, conclusions drawn from these 
figures as to the exact ratio of butadiene to acrylonitrile may be 
misleading. 

The sample used for the specific-heat measurements was cut into 
small pieces averaging about 5 to 10 cubic millimeters in volume. 
These small pieces were placed in the sample container of the calo- 
rimeter and kept under vacuum for several days to remove moisture 
and air. The container was then filled with helium at atmospheric 
pressure and 25° C and sealed with solder. The weight of the dried 
sample was 30.030 grams. 


III. SPECIFIC HEAT 


The calorimeter used for the measurements of specific heat was of 
the adiabatic vacuum-type described by Southard and Brickwedde 
{15}. It was similar to the apparatus previously used to determine 
the specific heat of rubber [4] and of isoprene [5], with some alterations 
intended to increase the convenience and facility of the measurements. 

The results of all the measurements of specific heat are given, in 
chronological order, in table 1. The temperatures given in the table 
are the mean between the beginning and end temperatures for each 
heating. The values of C, were obtained from the equation given by 
Osborne, Stimson, Sligh, and a : 1}: 


IC] AQ [0 (AT)? 
ne AT ar Tn 24° 


where AQ is the heat added per gram of sample, A7’ is the temperature 
rise, and 7;, is the mean temperature of the heating. However, the 
second term of the right-hand member of this equation was not 
significant except at temperatures between 238° and 251° K, in which 
region the second derivative of the specific heat with respect to tem- 
perature was large. At its maximum the last term in the equation 
amounted to about 2 percent of the total. The temperature rise dur- 
ing a heating period was usually from 5 to 10 degrees, although this 
interval was considerably increased in a few instances where the 
specific heat-temperature curve was nearly linear, so that a larger 
temperature interval could be used without causing appreciable error. 
The rates of heating were varied from about 0.5° to 1.0° per minute. 
No consistent differenc es were observed between the data obtained 
from long heating intervals and those from short intervals, nor be- 
‘ie n the data obtained from rapid heating and those from slow 
leating. 
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TaBLE 1.—Specific heat values (observed) 


Run No. 


3 1) VII 
0527 |} 
0969 || 
- 1400 || 
. 0670 
.1117 |] 
. 1553 |] 
2024 |} 
. 2565 

. 4161 
8471 
8698 
8903 





. 8621 | 
. 8841 
. 9126 
. 9304 |} 
9478 | 
9675 


9861 





. 0932 || IX 
. 1967 


* Int. joules-gram-!- degree. 


The specific-heat data given in table 1 are plotted in figure 1. The 
broken line at the lowest temperatures is calculated from the Debye 
equation [10, 14] for specific heats, with a value of 80 for the param- 
eter Bu. This value was selected because it was found to give the best 
agreement with the three lowest experimental points. 

The data from table 1 were also used to prepare a large graph in 
which (,/T values were plotted as a function of the temperature. 
Since in the temperature range 18° to 340° K the values of C,/T lie 
between 0.0052 and 0.0073 Int. joule-gram™!-degree~’, it was not 
difficult to plot the values on a scale sufficiently large to do justice to 
the accuracy of the data. From the best smooth curve drawn through 
the plotted values of C,/T, values of C, were obtained at integral 
temperatures and are presented in table 2. 
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TABLE 2:—~Specific heat values (from graph) 
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IV. THERMAL HISTORY 


The temperature changes of the sample during the specific-heg; 
measurements will be given in some detail, since it 1s possible that the 
results of this investigation may depend somewhat on the thermal 
history of the material. The first run was made after the sample had 
cooled quickly from room temperature to that of liquid air, about gro 
K. Seven individual heatings in this run brought the temperature to 
136° K. The sample was then cooled quickly again to 85° K and the 
second run was made, ending at 221° K. Next the sample was cooled 
by carbon dioxide snow to about 195° K. In the third run the tem. 
perature was raised to 273° K. At about 251° K (mean temperature 
of heating 247.26° K), the end of the sixth heating of this run, the 
temperature drifted downward at an initial rate of about a thousandth 
of a degree per minute under the usual adiabatic conditions. Th, 
drift continued for about 2 hours before it became inappreciable. Aj 
temperatures more than about 10 degrees above or below the second- 
order transition, the temperature became constant within a period of 
about 8 minutes after the completion of a heating. 

Overnight the temperature was allowed to rise to 287° K. From 
this temperature the specimen was cooled to 257° K, and during the 
fourth run the temperature was raised to 307° K. The specimen was 
cooled quickly again to 196° K for the fifth run. At about 246° K, 
the temperature at the end of the fourth heating of the run, a down- 
ward drift of temperature again took place. Before the temperature 
became constant, more heat was added until the temperature was 
250° K. 

The temperature was then allowed to decrease slowly by discon- 
tinuing the heating of the thermal shields around the sample con- 
tainer. The temperature fall was at the average rate of about 2.4° 
per hour. At 209° K the sixth run was started. Downward drifts of 
temperature were again observed at the ends of the fifth, sixth, and 
seventh heatings of this run, although only the normal time was re- 
quired for equilibrium in all the other heatings. The approximate 
times required for a constant temperature to be reached after each of 
the three heatings just mentioned were 0.5 hour at 243° K, 1.5 hours 
at 248° K, and 1 hour at 252° K. From 260° K where the run ended, 
the temperature was reduced slowly, reaching about 241° K in 16 
hours. When subjected to adiabatic conditions after this treatment, 
the sample was found to drift upward slowly in temperature. The 
initial upward drift was about the same as the previous downward 
drifts, about a thousandth of a degree per minute. After about 2 
hours no further change in temperature could be observed. The 
specimen was next heated to 254° K, and a downward drift of tem- 
perature was again observed. 

The specimen was then allowed to come to room temperature and 
remained at that temperature for several days. The temperature 
was next quickly lowered to 12.5° K, and the seventh run brought it 
up to 102° K. An immediate cooling brought the temperature to 
21° K in preparation for the eighth run. After this run the specimen 
was warmed to 217.5° K and a 50-minute heating, to be discussed in 
more detail later, raised the temperature to 270.2° K. After the 
sample had remained at room temperature overnight, the ninth run 
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was made from 299° to 339° K. The tenth run included only one 
heating, Which was from 299° to 323° K. 

The 50-minute heating of the specimen from 217.5° to 270.2° K, 
mentioned in the previous paragraph, required 2.4 percent less heat 
‘han that indicated by the curve of figure 1. The third and sixth 
runs, upon which the section of the curve near the transition is based, 
differed from each other by only 0.21 percent over the range mentioned. 
If this 2.4-percent discrepancy is real and not due to experimental 
error, it is probably connected with the time effect near the transition. 
The long drift in temperature before equilibrium near the transition 
should cause no error, since adiabatic conditions were maintained. 


V. ENTROPY 


The entropy increase of Hycar O.R. from 0° to 20° K was caleu- 
lated from the Debye equation, using a By of 80. The value so ob- 
tained was 

Soo —S)=0.056 Int. joule-gram™!-degree™. 

The entropy change from 20° to 298.16° K was obtained from graphical 
integration of the curve C,/T against 7, and gave 

Soo8-16— Soo= 1.687 Int. joules-gram7!-degree™! 
This value was also checked within experimental error by the inte- 
gration of the C, versus log 7’ curve. The increase in entropy result- 
ing from heating from the absolute zero of temperature to 25° C is 
calculated to be 

Soog-16 — So= 1.743 + 0.002 Int. joules-gram™!-degree™'. 
or 0.4167+0.0005 calorie-gram™!-degree™').2 This value, with its 
probable error of 0.002, refers to the particular sample used under the 
conditions described. 


VI. SUMMARY AND DISCUSSION 


The specific-heat curve of figure 1 shows a transition of the second 
order at about 250° K. During this transition the specific heat 
increases abruptly by about 40 percent without the evolution or 
absorption of any heat. The transition first makes itself evident at 
about 225° K, where the specific-heat curve begins to deviate from 
the almost-linear increase which it has shown for over 100° below this 
temperature. Above 225° K the specific heat increases at an acceler- 
ated rate through the region of the transition. About half the change 
of specific heat seems to occur between 249° and 251° K. The curve 
is drawn with a discontinuous slope at 251° K, since the results from 
several heatings which were begun just above 251° K showed no 
evidence of the transition, the points determined from them falling 
exactly on the linear curve. 

A similar second-order transition is found in natural rubber at about 
200° K, as has already been mentioned. Second-order transitions at 
widely different temperatures are found in many other substances 
of high molecular weight, such as styrene polymers [12], isobutene 
polymers [7], and methyl rubber [13]. Of the materials which have 
been studied, all which have rubber-like properties have been found to 
have a second-order transition, and it is only above this transition 
temperature that such rubber-like properties have been observed. It 


ee 
* 1 calorie=4.1833 Int. joules. 
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seems likely that at temperatures below that of the transition yo 
substance exhibits the extensibility and elasticity associated With 
natural rubber at normal temperatures. 

The occurrence of a second-order transition of this type has been 
explained as resulting from a very slow approach to the equilibrium 
state at temperatures below the transition. On this vis-y the location 
of the transition depends on the rate of temperature guange; and ai 
temperatures more than a few degrees alien the transition, the times 
required for equilibrium are beyond the range of accessibility. Congo. 
quently at these temperatures one deals with » substance in an un- 
stable state. Jenckel [9] studied the second-order transition jy 
selenium at 30° C by volume measurements. He extended the 
measurements over the long periods of time which were nec essary to 
reach equilibrium. Thus he was able to measure the rate of approach 
to equilibrium over a range of about 7° below the temperature at 
which the second-order transition occurs when the cooling is at the 
rate of more than a few tenths of a degree per minute. The drifts in 
temperature under adiabatic conditions, as described under th 
section on thermal history, may quite likely be explained on the basis 
of the slow approach to equilibrium. However, this point will not 
be discussed further, since it was not considered advisable at this time 
to make a detailed calorimetric study of the phenomenon. 

Crystallization, a transition of the first order, is well known in 
natural rubber. In Hycar O.R., however, no evidence of it was found 
at any temperature. The failure of the atoms in this case to become 
part of an ordered crystalline structure is probably connected with the 
attachment of the nitrile groups to the main chain of the carbon 
atoms. Perhaps it is because of the size of the nitrile group, or perhaps 
it is because of the randomness of its position of attachment. 

The specific-heat curve from 250° to 340° K is almost linear, so 
that the values of the specific heat for any temperature in this range 
may be calculated to within 0.2 percent by means of the formula 


C,=0.00283 7T'+1.126, 


a! 1 


in which C, is in Int. joules-gram™!-degree™! and T' is the absolut: 
temperature. The value at 298.16° K (25° C) is 1.971 Int 
joules -gram~'-degree~ (0.4712 calorie- eet: degree'). This value 
is only” slightly higher than that for natural rubber hydrocarbon, 
which is given as 1.880 Int. joules-gram™'-degree~' [4]. 

The increase in entropy resulting from heating from the abselute 
zero of temperature to 298.16° K was found to be 1.743 Int. joules. 
gram~'-degree"! for the Hycar, as compared with 1.881 for the 
natural rubber hydrocarbon. 

Since the Hycar O.R. was not in a crystalline state, it cannot be 
assumed without further evidence that the entropy at the absolute 
zero of temperature has a value of zero. However, since no significant 
difference in entropy could be found in the previously mentioned 
comparison of the amorphous and crystalline states of the natural 
rubber, it is possible that the same may be the case for the synthetic 
material. 
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EQUATION OF MOTION FOR THE STEADY MEAN FLOW 
OF WATER IN OPEN CHANNELS 


By Garbis H. Keulegan 


ABSTRACT 
[here is disagreement in the literature regarding the use of the Coriolis and the 
Roussinesq velocity-distribution coefficients in the open-channel flow equation. 
[t is shown in this paper that the use of either coefficient is correct, provided the 
terms representing the effects of resistance are properly interpreted. The methods 
f deriving the two forms of the flow equation are given in detail, and it is shown 
that in the form of equation containing the Boussinesq coefficient, the friction 
coefficient is related directly to the wall friction. In the form of equation con- 
taining the Coriolis coefficient, the friction coefficient is related to the rate of 
energy loss in the water. This has a direct bearing on the correct use of Manning’s 

‘n” in the equation of flow in open channels. 
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I. INTRODUCTION 


The equation of motion of steady mean flow in open channels is the 
quation which describes, for the permanent regime of flow, the rela- 
tion between the depth of water, the variation of this depth with dis- 
tance along the bed of the channel, the mean velocity in a section, the 
variation of this velocity with distance, the slope of the bed, and the 
coefficient of resistance. The physical significance of the coefficient 
of resistance is determined by the manner in which the equation is 
derived. Essentially there are two methods of derivation, one of 
vhich involves the application of the energy equation, the other of a 
momentum equation, both of which result from the general hydro- 
iynamic equations of motion. In addition to the quantities men- 
tioned, the equation of motion contains a coefficient resulting from the 
velocity distribution in a section. The meaning of the latter, like 
that of the coefficient of resistance, depends on the way in which the 
equation is derived. 

The results obtained by the two methods differ slightly. It seems 
that the significance of this difference and its bearing on the meaning 
of the coefficient of resistance are not generally recognized. Conse- 

97 
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quently, for investigations in the field of open-channel flow, th 
reasons for selecting one relation in preference to the other do not 
appear to be clearly understood today. Preference for one or the 
other relation depe nds, obviously, on the concept of the coefficient of 
friction which is adopted. It will be shown later in this paper that 
if the equation of motion is derived by the energy me thod, the concep; 
underlying the friction coefficient in that equation is that of ener rey 
dissipation i in the fluid per unit length of channel. On the other hand 
if the momentum method is used, the conc ept of the friction coefficie, 
is based on the frictional force exerted on the fluid by the ws ge of 
the channel. 
II. PURPOSE OF PAPER 


The purpose of this paper is to show the difference between th» 
equation of steady mean flow in an open channel when derived by the 
energy method and the corresponding equation derived by the mo. 
mentum method, and to explain the significance of this difference. 
Finally, it will be shown that the equation based on momentum con- 
siderations is the convenient one to use in discussing steady mean 
flow in open channels. Since the historical aspects of the problem 
have recently been discussed adequately by Bakhmeteff [1]', they 
will not be given here. 


III. REYNOLDS EQUATIONS OF TURBULENT MOTION 


Before proceeding with the method of energy or momentun, it js 
necessary to adopt a system of dynamical equations of motion appli- 
cable to a liquid me dium at the point (x, y, 2). The selection of these 
dynamical equations depends on whether the stresses due to relative 
motions are essentially viscous, or essentially apparent (turbulent 
or in part viscous and in part apparent. Since the matter to be 
studied relates to turbulent flow in open channels, we may assume 
that in these channels the turbulent core occupies the whole cross 
section when the solid surfaces are covered with asperities; and the 
very small area of the laminar sublayer may be disregarded when 
the solid surfaces are smooth. We assume that the apparent stresses 
predominate everywhere in this core and that, therefore, no sensibl 
error is introduced when the viscous stresses are neglected. The 
restrictions involved in these assumptions are not important for the 
general argument that will be followed in this paper. Neglecting 
the viscous stresses and denoting the temporal mean velocities in the 
directions of z, y, and z by u, v, and w, respectively, the dynamical 
equations of motion to be adopted are of the form, assuming the 
liquid to be incompressible [2}, 


du __ op oo, OR,, , OR, | ORs 
Pat on "ont dx + dy + dz’ 


dv op a oR,, OR,y 


oR,, 
Pit oy “ie Ox v7 Oy “a 


oR., 


dw _ op | on , OR,, OR, 
tay tG2” 


Pit dz —e5t 





1 Figures in brackets indicate literature references at the end of this paper. Additional unnumbered 
references are given but not cited in the text. 
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where 2 denotes the potential energy per unit mass at the point 
ry, 2), due to gravitational rte C3 p the de nsity of the liquid; p the 
temporal average of the pressure, and R the apparent, or Rey- 
nolds, stresses. In terms of the velocity fluctuations, w’, v’, w’, these 
Jatter stresses are given by 

R.z=—pu'u’, ? a pu'v’s 


Biy=— pv'v'" 2—R, pu'w’ 
Ri, : —pw’w’, 
Since the flow is permanent, the operator d/dt is 


d Oo o o a 
dt dr 2 (3) 


The effect of introducing the Reynolds stresses in the above equa- 
tions is to give the mean temporal velocities, wu, v, w, the character 
of velocities in stream-line flow. But the question then arises as 
to what we mean by a stream line or a fluid filament in turbulent 
flow. We shall define a fluid filament as a line for which the average 
directions of the instantaneous velocities at all points of the line are 
tangential to the line, or rather as a tubular surface composed of 
such lines and having a normal section of infinitely small dimensions. 
Stream lines are fixed in space, but, owing to turbulence, a particle 
of fluid initially on a stream line does not always remain on this line. 
However, if a surface made up of fluid filaments is selected, then the 
temporal average of the flow across this surface vanishes. For such 
asurface, if %, %,, and wy are the velocity components of the mean 
motion at a point on the surface, and 1, m, and n are the direction 
cosines of a normal drawn to the surface, 


lup+-mry+nuwy=9. (4) 


In turbulent flow the mean temporal velocities are subject to the 
compressibility condition, and this fact is denoted by the equation 
of continuity, 

Ou/Oxr-+- Ov/Oy-+- Ow/0z=—0, 


which will be used frequently in tus paper. 
IV. ENERGY PRINCIPLE IN TURBULENT FLOW 


If we multiply the three dynamical equations, eq 1, by u, 0, w, 
spectively, use eq 3, and add, we obtain, in view of the condition of 
a ape hn eq 5, 


p| O - ra) ra) Pa 2 
5g) +S (00!) +2 (we?) | : Af Se lud) +5 Co dy? 2 (wo )| 


fe) fe) re) a) 
~| Sup) +2. (op) +2 (wp) ]+ 5p (ees + Rey +R) 


re) 
19 (Ulva ' Ry, 4 -WRy2) + 2 Re oR,,y4 wh,.)—Y, 
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where q is the absolute velocity, 


and WV is the turbulent dissipation function: 


Ou ov.» OW ov ou , Ow 
Vv Rix Rug a a . 4 RA -+ ) 


Oz Ox 


The physical meaning of eq 6 can be explained in a concise manner 
if we multiply the two sides of eq 6 by drdydz, perform the integration 
for a volume V, such as shown in figure 1, and consider the result 








FigurE 1.—A closed surface in a field of flow. 


To facilitate the required integration use may be made of Green’s 
theorem in three dimensions (also referred to as Gauss’ theorem or 
the divergence theorem), 


OX , oF 12) iy ea a ; 
iG Oy ae Val a — [ (X+my +nZ)dS, q 


where X, Y, Z are any three functions, finite, single valued, and dif- 
ferentiable at all points of the connected region V comple tely bounded 
by one or more closed surfaces, S. The quantities 1, m, n are the 
direction cosines of the normal drawn inwards. An element of volume 
is denoted by dV, and an element of surface by dS. The volume 
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| is taken throughout the region of V and the surface integral 
houndaries S. Effecting the integration, we find 


(( Pp £¢ } p2 (lu mo+nw)dS 
Ss (UR ne +0Rpny + wh,,)dS+ Jd V, 
Riz=!R,.+mR,,+ nk 
R,y=lR,, +mR,,+nR,, 
R,.='R,.+mR,,+nk,, 


Z 











X (Rz2-p) AS3 


Figure 2..—Boundary stresses expressed in terms of Reynolds stresses by means of 
tetrahedron. 


To give physical significance to R,,, Ry,, and R,,, consider the force 
FdS which the liquid outside of S exerts on dS, dS being on the 
boundary of V. See figure 2. The components of FdS in the three 
directions of 2, y, 2 are Py,dS, FyydS, F),.ds, respectively. Using 
| Cauchy’s theorem of the tetrahedron, we find, in view of eq 11, the 
expressions 
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—F,2=R,,—lp, 
— F,,=Rry—mp, (19 
—F,,=Rp,—np. 


Hence R,,, Ray, Rnz are the boundary stresses on the liquid outside of 
V with the pressures removed. They are the boundary stresses dy, 
to turbulence. 

To interpret the relation in eq 10 consider figure 3. In this figure 
S and S’ represent the envelopes of the same body of liquid at th 
times ¢ and ¢+At, respectively, in the sense of stream-line flow. 
Denote the volume of liquid within the surface S by V,+V,; that 





Figure 3.— Motion of a limited body of liquid. 


within S’ by V2+ Vo. Denote the kinetic and the potential energies 
of the liquid having the volume V, by K, and P,, respectively. The 
corresponding quantities for Vo are Ky and Po; for V2 they are K; 
and P,. Obviously, the increase of the kinetic energy of the liquid in 
S as S moves into its new position is K)+K.—(Ko+4,) or K,—K;. 
Now 


r p a y 
K,-K=5{ q’d\ —5{ q’dV. 
25M; 23M 
Since lu+mv+ nw is the velocity of mean motion along the direction 
of the normal drawn inwards, 


for Vi: dV= (lu+mv+nw)dSat, 
for Vz; dV=—(lu+mv-+nw)dSat, 
and hence 


k,—K\= —at§ { gut mo+nw)dS. 
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It can be shown in a similar manner that the increase of potential 
nergy 1S 


P,— Py=— Atp SQ (lu+-mv+nw)ds. 


On the other hand, the work done by the pressure, p, on the liquid in 
at time ¢ during the subsequent interval At is 


reat 


S 
W=At fp (lut+- mo+nw)ds. 


Accordingly, the terms on the left-hand side of eq 10 give the excess 
of the work done on the liquid by pressure in that portion of the 
liquid bounded by the surface S over the variation of the kinetic and 
potential energies of the same liquid, all per unit time. The kinetic 
energy of the liquid in this case is the energy of mean motion. The 
right-hand member gives the dissipation in the body of water inside 
of the surface S due to the Reynolds stresses and the work done by 
these stresses on the liquid outside of S. In other words, the equation 


states: 


W:- E4 LA L,, 


Jf 


entirely xX 


FiGurE 4.—Segment of a tube of fluid filaments. 


where W is the work done on the fluid in S by the external hydrostatic 
pressure, # is the increase in energy, L, is the work done by the fluid 
inside of S against turbulent boundary stresses, and JL, is the energy 
dissipated. zu 

Obviously eq 10 is the energy equation for steady mean motion. 
The consideration of the equation becomes more fruitful if we select 
for the volume V the region bounded by a tube of fluid filaments and 
two planes, the planes forming the two ends of the tube. See figure 4. 
Let S; represent the surface formed by the outer fluid filaments; S; 
the surface at the end of the tube through which the liquid is entering; 
and S, the surface at the other end of the tube, through which the liquid 
isleaving. There is no flow across the bounding surface; that is, the 
mean motion across it is zero; hence the mean motion at S; is tangen- 
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tial. Let gq denote the absolute velocity of flow at this surface and 
let Uo, Y%, W be its components. Denote the direction cosines of g, by 
l, Mo, No. . 


Hence 
qolo, VL=QoMo, Wo= Joo; 
and, in view of eq 4, 
l,+-mmp+-nny=0. 


Next, consider the surface force +FdS exerted on dS, an element o/ 
S;, by the liquid outside the tube, and denote its component in the 
direction of q by rdS. Then 


loF nt MF ry + NoF nz. 
From eq 12 and 14 
T if?,. t MoRny ‘ Nok p». 
From eq 13 
— Jot = UpR nz + oR ny + Wok nz. 
Using the latter relation, eq 10 becomes 
Sp + pQ+ pq?/2)(lu+ mv+nw)dS+pJs,( p+pQ+- pq?/2)(lu+mv-+-nw)dS 


Si, (UR nz t+-oR ny +wR,.)dS4 Ss(UR nz oR, +wR,,)dS— Ss,7q dS +- fwd V 

(16 
where V represents the volume of the tube bounded by the surfaces 
S,, S., and S;. This is the energy equation of mean flow for a fila- 
ment tube of finite cross section. 


V. MOMENTUM EQUATIONS FOR A STREAM TUBE 


For an incompressible liquid, the first of the three dynamical equa- 
tions in eq 1 may be written, using the condition of compressibility, 
eq 5, as 


OM, , Re; 


= aa 0 , oh., 5 
p Eg ) +, we) + hue | ~— 4- Sy -h a (17 


where 

(18 
Multiplying the two members of this by drdydz or dV, integrating 
through the space V of the tube in figure 4, and again using Green's 
theorem with inward-drawn normal, we obtain, after changing the 
signs: 


PJs,u(lu+mo+nw)dS-4 Ssu(lu+ mv+nw)dS= Js, (UM, + mRyrt+nk,,)dS 
+ Si,(I1,+mR,,+nR,,)dS+ Se (I,+mR,2+nR,z,)dS. (19 
The integral on the left over S; vanishes, since, by eq 13 and 14, 


[po + Moy + NU =O. 
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is is the momentum equation for the flow through the tube with 
ference to the «-direction,'which states that the time rate of change 
she momentum equals the z-component of the forces acting. The 
uation suggests that, to evaluate the difference of momenta of the 
uid entering through S, and leaving through S», it is necessary to 
iow the values of the pressure, the Reynolds stresses, and the poten- 
lin respect to the gravitational force at the bounding surfaces, and 
the direction cosines of the normals to these surfaces. The momen- 
m equations corresponding to the y and z directions may be derived 
_similar manner. <A simpler method would be to obtain them from 
19 by applying the cyclic permutations u-v-w, r->y->z, and 


VI. PRESSURE LAW IN GRADUALLY VARIED FLOW 


The application of the energy and momentum equations to open- 
channel flow will give practical results only when some definite 
restrictions are imposed on the form of channel and on the variation 
of the depth of water. Otherwise, too many quantities difficult to 
evaluate numerically will appear in the results. 

Taking the z-axis in the bed of the channel, the positive branch being 
n the direction of flow, the y-axis horizontal, positive z-axis directed 
upwards, the equation of the surface forming the channel may be 
Pciven by 
2:=f(x1, V1); 


where 2), J, 2:1, are the coordinates of a point on the channel boundary. 
Denote the direction cosines of the inward-drawn normal to this 
surface by 1, m,, m. The restriction of the channel form to be 
assumed is that 7; and Hol,/Or, where /7 is depth of water, are small 
quantities, the squares of these being negligible with respect to 
unity. We take as the depth of water the z-coordinate of the free 
surface. The restriction of the depth of water to be assumed is that, 
H being a function of x only, //d?H/dz? and the square of d///dz are 
negligible with respect to unity. In Boussinesq’s language, the flow 
is “gradually varied’’. These restrictions isolate the localities where 
the slope of the bed or the cross section of the channel changes 
abruptly. They isolate also the places where hydraulic jumps or 
bends of the watercourse occur. 

The restrictions made in the above have the following kinematical 
and dynamical consequences. The squares, v? and w’, are negligible 
with respect’ to w?, and hence qg?=wu’?. The derivatives of the ratios 
w/u and v/u with respect to x are negligible in comparison with the 
derivatives of these ratios with respect to y and z. Then the ac- 
celerations in the directions of y and z are negligible; that is, the left- 
hand terms in the second and the third equations in eq 1 may be 
discarded [3]. 

In addition to the above, it becomes necessary to make certain 
assumptions in regard to the Reynolds stresses. First, the velocity 
fluctuations are such that 


uu’ =v'v'’ =w'w’ ; 


that is, R,,=R,,—=R,,, and thus !=l,=,=11. 


22) 
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Second, wu being the predominant component, the correlation betwee; 
the fluctuations v’ and w’ and the derivatives of this correlation wit) 
respect to y and z are negligible in comparison with the correlation 
between w’,v’ and v’,w’ and the corresponding derivatives. That js 
the derivatives of ‘R., with respect to y and z may be neglected 
Third, since the flow is gradually varied, the z-derivatives of R,, and 
R,, may be ignored. 
With these assumptions in mind, the second and the third equations 
in eq 1 reduce to 
Op . o2 oR, aa 
oy! Poy oy”? 
and 
r YO 
OP | Pn =? —(), 
Oz Oz 
Take the horizontal plane passing through the point P(0,0,0) as 
the surface of reference for the potential energy. Denote the bed 
inclination, that is, the angle between the z-axis and this plane by i. 
Then , 


pQ= pgz—ixrgp; 
assuming that 7 is small. The general solution of eq 21 is 
P--ege— ixgp— ae f(x,y), 


where f is an arbitrary function. At the free surface, that is, at 
z+H, the pressure is atmospheric, so that p=p,. Obviously, the 
fluctuations w’ vanish at the free surface, or R,,=0 at z=H. Hence 


Pat pgH— ping =f (x,y). 
Subtracting, we have 

p=pg(H—z)+Reet+ De, 
or, ince B,,— 2, By,, 

p= pg(H—z)+Ri2+ pa; 


which relation satisfies eq 20 also. This is the law of pressures in 
gradually varied flow. Differentiating eq 18, and using eq 22 and 
23, we obtain 


_ Om _ do _ ) 94 
Or pg dx pg. Vii 


VII. THE TWO EQUATIONS OF OPEN-CHANNEL FLOW 


Let us first consider the energy method. Weregard the portion of water 
in the channel between the planes =z, and r=2, as the filament tube 
for which the energy relation of eq 16 is to be evaluated. See figure 6. 
The sections A, at x; and A: at 22 are identified with S; and Sz, respec- 
tively. The free surface and the wetted surface between the sections 
at x, and z; constitute the surface S;. Accordingly, q is the velocity 
of water at the free surface or in the plane of the peaks of the asperities 
of the solid boundary, or the velocity at the face of the laminar sub- 
layer if the bounding surface is smooth. At the section Aj, /=1, 
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m=-0,n=0. AtA,,/=—1,m=0,andn=0. At the surface S;, l=, 
m=m,, and n=n. It must be yemembered that J; is small. The 
energy relation for the flow in channel from eq 16 is thus, using eq 11: 


5 H+ pQ-4 p—Raz ud. A 


| (P+ @+p—Rrz nd A— } 


J A; 


| 4 wh,)dA— f (Ray wR)dA— | rqodS “| WdV. (25) 
JA As Ss V 


Since we have assumed that R,,=R,,=R,, and that the liquid is 
incompressible, the dissipation function V as given in eq 8 now _takes 
on the form 


V=R,, Sats y+ Re Se +52) +R, xt) (26) 


JAI 





Horizontal 
Figure 5.—Segment of a tube of fluid filaments in gradually varied flow. 


Since we are dealing with gradually varied flow, the value of the 
product 7qo in terms of the Reynolds stresses and the wall velocities 
takes on a simpler form. The general value of this product is, from 
eq 15 and 11, 


ba | 
UU ReetmRyrt+rRer) + (LRay+mRyy +R.) 
wo (lL Re2+mR,2+NR,,). 


Using eq 4 and remembering that R,,—R,,=R,,, this simplifies to 
— 74o= (Up + M1,) Ryz+ (Uom + Wl) Rez + Yoni + wom) R,2. 


Since the flow is gradually varied, vl; is negligible in comparison with 
Ug, and Wl, in comparison with upn;, and thus we have 


— T4o= UM Ry p+ Uo Riz+ (Von + Wom) Rye. (27) 


We wish to obtain the channel equation in its differential form. To 
do this we select 2;=2z and z,=xz+dzr. We suppose that the Reynolds 
stresses vanish at the free surface, and remember that dV=Adz, 
ndS=dy,dz, and m,dS=—dz,dzx,, since we shall evaluate the line 
integrals counterclockwise in the yz-plane. 
Then eq 25 becomes 

d 


-*f (pu?/2+ pQ+p—R,,)udA=—+=]| (eR,,+uR,,)dA— 
dx J 4 dx Ja 


> nanan Ryz(vdy,— wodz,) 4 [ waa, (28) 
ow Pw J 4 
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where A is the cross section at +, Pw is the wetted perimeter, and 4: 
and dy, are the projections of an arc ds of the wetted perimeter, _ 

Next we express the left-hand terms of the last equation in tern; 
of a quantity which is measurable when the channel is prismatic ay) 
the flow is uniform. The measurable quantity that will be used j 


f R, dz, —R,dy, —_— — Tol 'w, 
Pw 


where 7, in the case of uniform flow in an open channel is the magn). 
tude of the average shear on the wall per unit length of channel an 
is a positive quantity. Denote the hydraulic radius by R, so tha 
RPyw=A. 
Denote the average velocity in the direction of x by U and the dis. 
charge by Q: then 
Q= UA= Saud A. 
Introduce the dimensionless coefficients, N,; and N2, such that 


S,(0R2y+wR,,)dA=— NinUA= — N,Q, 


and 


4 ug (R,zdz,—R,,dy,) — 4 R,,(vody, — wodz,) — [waa — NorQ/R 
Pw Pw JA 


\ve 


In addition to these we introduce also the well-known dimensionless 
coefficient a@ of Coriolis; which is defined by 


S wdA=alPA=al’Q. 


In view of eq 24, 30, 31, 32, and 33, eq 28 now may be given i 


the form 


1H du : d . . 
gq, tal dr = 91 —>-(Nito/p) — Noto/pR, 


aL 


which is the equation of motion of steady flow in open channels, as 
derived by the energy method. 

Consider secondly the momentum method. Working with tle 
same fluid tube as in the above we have, from eq 19, after trans- 
forming the II terms back into a volume integral, the relation, 


| puidA— f pwdA= — ony { (mR,.+nR,,)dS. 
A, A; a vor J S: 


The differential relation derived from this, by putting 2,=z and 
m=r+dzr, dV= Adz, ndS=dy,dzr,, mdS=—dz, dn, 


reduces to 
_d f ee | B+ > (R.dy,—R,.dz,). (3 
dx JA A OF Py 


» 
Now introduce the Boussinesq coefficient » by means of the relation 


(14+) WA=/S,wdA, 
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(1+) UQ= f,wdA. 


Differentiating both sides of this equation by x and assuming that 
» changes slowly with z, we have 


d dU 
rar dA=(1+n)@ a (37) 


In view of eq 18, 22, 24, and 37, eq 35, after dividing by pA, reduces 


to 
fe va 1 rn)U- ad -—~ to/pR, 
dx 


which is the equation of motion of steady flow in open channels, as 
derived by the momentum method. 


VII. THE COEFFICIENT OF LOSS AND FRICTION IN 
THE VARIED-FLOW EQUATIONS 


The two equations of motion, eq 34 and 38, of varied flow in open 
channels given above, are in conformity with theory. Examining 
these two equations, it must be emphasized that the equation derived 
from the general energy equation, that is, eq 34, contains N, and N, 
in addition to 7>. All three of these quantities are unknown even if 
we suppose that 7, U, and @ are known as functions of z, through 
observation. Since by the mere observation of /7, U, and a, the quan- 
tities ro, Ny, and N2 can not be determined, the terms involving these 
unknowns may be represented as a single term. That is, we put 


d 


A dx 


F : | : 
(Ni70) + Noto= + reso”, (39) 


and then eq 34 takes the form 


ji du VP 
IG, Teg HI — deaR? 


where A, is a dimensionless coefficient arising solely from the fact 
that there is dissipation of energy in the flow. The quantity 

_U = 

Xe DR’ 
where is the constant discharge in the open-channel flow, represents 
the rate of loss of energy in the channel per unit length of channel. 
This interpretation follows from the fact that the results were derived 
irom the general energy equation. Accordingly, we must look upon 
A, as a coefficient of energy loss. 

On the other hand, the equation derived from the general momen- 

tum equation, that is, eq 38, contains the single unknown, 7. If 
we write 


(40) 


pt), 


U?? 
T)= Ap 9? (41) 
eq 38 takes on the form 


dH aU U7? 


Ide tI UG =o oR 
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Since 79 is the frictional force of the channel per unit length, the ¢ 
ficient \ represents the coefficient of friction. 


IX. SELECTING THE MORE USEFUL FORM OF THE Equa. 
TION OF MOTION FOR AN OPEN CHANNEL 


If the equations above given were equally advantageous, a selection 
between the two would be meaningless. But this is not the case 
Of the coefficients, \, and \, the second bei ing direc tly associated wit} 
the friction exerted by the walls of channel is the less affected by 
changes in dU /dz. This is obvious when we consider the equatior 
which expresses the coefficients in terms of the shear. Judging solely 
on this basis, the universal use of eq 42 as the equation of motion for 
varied flow in open channels would naturally be favored. 

In this connection an error that is often made in the use of the 
equations above discussed should be pointed out. Frequently, eq 40 
is employed to determine Manning’s ‘‘n”’ for open channels. Since 
Manning’s ‘‘n’’ 


oef. 


n”’ relates to the magnitude of the frictional force jn 
channels, obviously the correct equation to use is eq 42, the relation 
between n and A being 

= 1.486R'P(r/2q)'P, (43) 
where R and g are measured in English units; that is, in feet and j 
seconds. 

The following general remarks regarding the role of the energy 
and the momentum equations in hydrodynamics may be made in 
passing. In the present problem we are concerned solely with th 
relation between wall resistance and mean flow in the channel, and 
hence no advantage is achieved by the simultaneous use of the energy 
and momentum equations. The reason for this is that the law of 
velocity distribution in open channels, when the flow is turbulent, is 
not susceptible of theoretical determination. Experience estab- 
lishes the relation between the local velocities and the shear at th 
wall. This being the case, one of these equations is sufficient, as 
explained above. But if the problem considered is one in streamlins 
flow, and if solutions are attempted by approximate methods, then the 
simultaneous use of the energy and momentum equations results in 
improving the approximations of the solutions obtained. 

In solving the problems of boundary layer on a plate and at the 
entrance section of a pipe, for example, it is necessary first to es- 
tablish the law of velocity distribution. It has been customary to 
use the momentum relation to obtain the approximate form of this 
distribution. If, in addition, the energy relation is used, a better 
approximation results. 


The author expresses his appreciation to George W. Patterson and 
Herbert N. Eaton for valuable criticism and review of the paper. 


X. REFERENCES 


[1] B. A. Bakhmeteff, Coriolis and the energy principle in hydraulics, Applied 
Mechanics, Theodore von Kaérman Anniversary Volume, p. 59 (1941). 

[2] Hunter Rouse, Fluid Mechanics for Hydraulic Engineers, p. 179 (McGraw- 
Hill Book Co., New York, N. Y., 1938). 

[3] J. Boussinesq, Essai sur la théorie des eaux courantes, Mém, divers Savants 
Acad. Sci. 32, 56 (1891). 





and 


plied 
raw- 


rants 


Flow of Water in Open Channels 111 


ADDITIONAL REFERENCES 
G. Coriolis. Sur lVétablissement de la formule qui donne la figure des remous, 
correction qu’on doit y introduire pour tenir compte des différences de 
lans les divers points d’une méme section dun courant Annales des Ponts 
haussées, Ist semester (1836) (series 1, vol. 11). 
withier, Note sur la correction que M. Vingénieur en chef Coriolis propose de 
subir ala formule du mouvement permanent des eaux courantes, pour tentr 
e des differences de vitesse des molecules fluides, aux divers points d’une méme 
transversale du courant. Annales des Ponts et Chaussées, 2d semester 
series 1, vol. 12). 
1 C. B. de Saint-Venant, Des divers maniéres de poser les equations du 
ement varié des eaux courantes. Annales des Ponts et Chaussées, Ist semester 


1887) (series 6, vol. 13). 


WasHINGTON, May 15, 1942. 





